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1. 
Scanning tunneling microscopy 
The present status of the art and science of scanning tunneling microscopy is re-
viewed. An overview is presented of the experimental achievements and the 
theoretical insights, starting from the first successful attempts to the present mature 
contribution of STM to science and technology, incorporating most recent develop-
ments. 
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I. Introduction 
When we were asked to review the present status of scanning tunneling micros-
copy (STM) we didn't suspect this task would be that difficult. But when time 
evolved, it became more and more clear that the activity in this field, both in theory 
and in experiment, was and still is exponentially growing in time, with a large pre-
factor in the exponent depending on the number of participants. 
Since the first success of Binnig et al.1 in 1982 a rapidly increasing number of in-
stitutes has become involved in this area, which has already proven to be an impor-
tant contribution in solid-state and surface science. 
STM is the latest representative of a long row of real-space imaging techniques, 
which started in the 16th century with the development of optical lenses by Anthony 
van Leeuwenhoek, followed by a combination of lenses, constructed by Zacharias 
Jansen around 1600, who thereby was responsible for the first microscope. About 
350 years later, the imaging of structures on an atomic scale was first realized by 
Muller with his field ion microscope2. The climax was reached with the first images 
of atomic arrangements that were presented, as measured with STM. 
The physical principle underlying this technique was first established with the in-
troduction of quantum mechanics, describing the wave nature of electrons. When 
two electrically conducting materials are brought in close vicinity to each other, then 
the conduction electrons can penetrate the intermediate insulating barrier and tunnel 
to the opposite electrode. Fowler and Nordheim3 were the first to describe this tun-
nel effect mathematically for high voltages across the barrier, while Sommerfeld and 
Bethe extended the theory to low voltages4. Due to the fact that the penetration 
depth of the electrons in the potential barrier is of atomic length scale, it was not 
until thirty years later that the first experimental proof for the tunnel effect was 
given, using semiconductor5 and superconducting material6. Mctal-insulator-metal 
junctions with solid-state barriers and molecular species embedded within became a 
powerful tool in chemical physics after the vibrational excitations of the chemical 
bonds were measured for the first time in this way by Jaklevic and Lambe7. 
Microscopy based on the phenomenon of tunneling was first achieved by Young 
and coworkers in 19728. With vacuum as the potential barrier, they used field emit-
ted electrons from a sharp tip to image surface structures on a sub-micron scale. 
The final step to go to the low-voltage tunnel regime with smaller barrier and higher 
spatial resolution was hindered by poor stability of the microscope to external vibra-
tions. This technical problem, inherent to the use of vacuum as the insulator, was 
overcome convincingly by Binnig et al. a decade later. They could show reproduci-
bly the exponential decay of electron flow between a flat surface and a sharp tip, as 
the gap was widened1. The use of vacuum as an insulator, the very local character 
of the tunnel process, the possibility to choose and change the actual tunneling site 
and the extreme sensitivity of the process on barrier width determine the unique 
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capabilities of STM. 
The aim of this paper is to present a state of the art on the achievements and 
goals of STM. The theoretical concept of STM is treated, together with its principle 
of operation and the various detection modes. The present status is given with 
respect to instrumentation and applications, followed by a brief outline of "spin off' 
applications, related to STM. Finally we look into the future and try to predict 
which subjects the next review paper should contain. 
II. Theory 
The theoretical back ground on which the merits of STM are based is the quan-
tum mechanical tunnel effect. It starts from the concept that electrons are able to 
penetrate a classically forbidden region as a consequence of their wave nature. 
When two conductors are placed close to each other, separated by a thin insulating 
layer, the electrons will be able to penetrate through this potential barrier, thus 
causing a current between the electrodes. In thermal equilibrium the net current 
will be zero because the flow in one direction is equal to the flow in the opposite 
direction. In other words, the Fermi levels of the two conductors are coincident. 
Consider now two metals in this situation. Fig. 1 represents the energy diagram as a 
function of distance in the case where a voltage V is applied to the right electrode. 
Several approaches are known in literature to calculate the tunnel current. One 
considers the penetration probability via reflection and transmission of electron wave 
functions at the potential barrier4. In the other approach the tunnel current is a 
result of the overlap of attenuating electron states from both sides of the junction in 
the barrier, known as the effective transfer-Hamiltonian approach9. The advantage 
of the former is its clear and general approach, without limitations to voltage range 
or transmissibility. The latter approach is depending on perturbation theory and is 
only valid for low tunneling probability, which is generally the case in STM. Its ma-
jor advantage is the fact that it encorporates effects arising from the electronic struc-
ture of the electrodes, like bulk and surface density of states (DOS). Apart from 
these differences the two methods show the same trends in the dependence of the 
current on barrier height and width and applied voltage. We follow the first one. 
From the situation in Fig. 1 one can see that a net flow of electrons will occur 
from left to right because there are empty states available to which they can tunnel 
elastically. Furthermore, it is clear that only electrons with energy between Ep and 
£р 2 +е V will contribute to the current. The total tunnel current can be defined as 
7 = e j D ( £ X E 2 ) d £ 2 (1) 
where D(EZ) is the probability that an electron can penetrate a barrier of height 
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2, Z 2 
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Fig. 1. Energy level diagram of a tunnel junction with a voltage V across the 
barrier, for T=0 The electron states are filled up to the Fermi level £> The 
barrier height φ(ζ) is lowered with respect to the work functions φι and Φ2 due 
to the image potential s is the width of the barrier 
φ(ζ) and n(Ez) is the number of incident electrons with energy component Ez per­
pendicular to the plane of the barrier The penetration probability is given by the 
WKB approximation 
D{EZ) = exp -4π \\/2m\W(z) - £,]dz (2) 
where the integral is over the width of the potential barrier and 
W(z) = φ(ζ) + £p. Using the Fermi-Dirac distribution function ƒ(£), the number 
of electrons which is incident from both sides of the junction can be calculated 
«(£2) = ^ j J [ƒ(£,)-ƒ(E z+eV)\ávxáVy (3) 
In the limit of a planar junction, low temperatures and free electrons Simmons10 
derived from Eq (1), (2) and (3) a general formula for a barrier of arbitrary shape 
} = 
ATÍ\S2 
[ ф е ^ ^ 5 - (ф+е ) е - А (<і,+е > ] (4) 
with 5 = z 2 - z 1 and A =
 2 Л { 2 ш = 1 025 eV-'^Â"1 The first term in Eq. (4) 
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describes in fact the current flow from left to right and the second term the flow 
from right to left In our case we only deal with low voltages Then, in the limit of 
e V « φ, Eq (4) reduces to 
8π1\2 
А ф ^ - А фг (5) 
Two important conclusions can be drawn from this equation Firstly, the tunnel 
resistance behaves ohmic in this limit and secondly, it is exponentially dependent on 
the separation of the two electrodes The exponential dependence of j on the gap 
width s is responsible for the high resolving power of STM in all directions (see § 
IV) A change in s of l Â makes the current to change one order of magnitude 
DuploMnwnl of W - Tip [lOiv · 1Â 
Fig. 2. The dependence of tunnel current and resistance on gap width at a con-
stant voltage, as measured for a tunnel junction consisting of a W tip and a Pt 
plate which are separated by a vacuum barrier (after Ref 1) 
(Fig 2) For higher voltages (e V ^ φ ) this equation no longer holds, as one is 
entering the field-emission region Then the resistance is not ohmic and the tra­
pezoidal barrier is narrowed by increasing the voltage, resulting in an exponential in­
crease in tunnel current 
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It should be emphasized that we have considered an ideal case here. In practise 
one has to deal with surfaces corrugated with a certain period and amplitude, a shar­
ply curved counter electrode, exchange-correlation and image potentials and inelas­
tic contributions. The geometrical effects on the behaviour of the junction in the 
STM configuration are considered in recent publications11"14. The image potential 
drastically lowers the barrier, when the gap width becomes very small (see § V). 
Inelastic processes in the barrier, which occur when adsorbed molecules are excited, 
may influence the total current (see § VII). The dependence of ;' on V and φ, as 
expressed in Eq. (5) will however generally hold, apart from a contribution in the 
prefactor due to DOS effects within the energy window defined by the applied vol­
tage (see § VI). 
III. Principle of operation 
In a scanning tunneling microscope, one of the electrodes of the tunnel junction 
is shaped into a sharp tip and acts as the probe with which the surface properties of 
Fig. 3. Principle of the scanning tunneling microscope. See § III for explana­
tion 
the opposite electrode are investigated (Fig. 3). In order to control the gap width 
and the lateral position of the tip, it is mounted to an electromechanical transducer 
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consisting of piezoelectric ceramic elements A constant voltage is applied to the 
junction, where after the control unit will regulate the Z-piezodnve such that a 
preset tunnel current is established and maintained Any change in current will be 
corrected by a feedback signal to the piezodnve, which will position the tip at a 
constant-current level above the surface By applying the appropriate ramps to the 
X- and Y-piezodnves, the tip is scanned along the surface and will follow the con­
tours Given a linear behaviour of the transducers, the feedback signal V2 at the 
coordinates (V
x
, Vy) yields directly the topography of the surface Pure structural 
information is only obtained when the work function is constant over the area Nor­
mally, small changes in φ will hardly affect the profile, because they give a minor 
contribution to the variation of the exponent in Eq (5) Only for structures with 
small corrugation amplitudes, one has to be caretul with the interpretation of the 
data Contributions arising from Δφ can be separated from the total signal (see § 
V) 
The major characteristics of STM are 
it gives 3-D images, 
its analysis is of local character, 
one can select distinct positions, 
it is applicable to non-periodic structures, 
it can be operated under well-defined conditions, 
it is usable in air and liquids (with some loss of resolution), 
it is energy selective, 
it operates without electron optics, 
it is nondestructive, 
it can be combined with other techniques, 
the sample has to be electrically conductive to some extent, 
it is limited in detection range, 
it is limited in detection speed, 
it is sensitive to vibrations and temperature changes, 
it has no tunable magnification 
Г . Resolution 
Conceptually, the vertical resolution of the microscope is not limited and could 
range below 0 1 Â In reality, this value is at present a lower limit Mechanical sta-
bility of the instrument plays a dominant role in this 
Laterally, structural features with details on an atomic scale (< 10 Â) are 
resolved, although tips with radii of typically a few hundred Â are used The expla-
nation is very simple Due to the exponential dependence of the tunnel current on 
gap width, the electrons will be confined to a narrow channel between the outermost 
7 
atoms of the tip and the surface. Those surface atoms which are one lattice spacing 
back will have a negligible contribution. The ideal situation would be a single atom 
-10 -5 0 5 
R {lì 
Fig. 4. Current density profile j(R,z)/](R,Q), calculated for a barrier height of 
2.41 eV between a tip and a corrugated surface (after Ref. 13) 
at the apex of the tip (Fig. 4). This configuration has been the starting point of 
several theoretical models for the evaluation of the lateral resolution"·'215. Under 
favourable conditions a resolution of 2 Â or less has been observed1617. In order to 
explain these observations, extra focusing of the current due to barrier lowering at 
the curved tip18 and/or the presence of localized wave functions19 has to be con-
sidered. Also on the experimental side efforts are made to come to a better under-
standing of these phenomena. Better control of the tip characteristics is achieved by 
field evaporation and simultaneous imaging in FIM20. The morphology of the tip on 
an atomic scale can be checked in situ via the STM image taken from the indenta-
tion in the (soft) surface that is made by gently pressing the tip a few hundred Â in 
the counter electrode21. 
In comparison to other imaging techniques, the very high resolution in three di-
mensions is an outstanding feature of the STM (Fig. 5). But also the requirements 
which have to be fulfilled to gain maximum resolution are limited, in contrast to the 
restrictions which are required in other techniques22. 
V. Barrier height profiles 
Apart from imaging surface structures, which is basically done by controlling the 
width s of the potential barrier, STM can also provide information on the height φ 
of the barrier. As already mentioned in § III, constant-current profiles are in fact a 
mixture of structural, chemical and electronic properties of the surface. This is be­
cause the complete expression in Eq. (5) is kept constant instead of only s. Corru-
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Fig. 5. Lateral and depth resolution for several microscopes scanning electron 
microscope (SEM), (scanning) transmission electron microscope ((S)TEM), 
high-resolution optical microscope (HM), field ion microscope (FIM), reflection 
electron microscope (REM), phase-contrast microscope (PCM) and scanning 
tunneling microscope (STM) (after Ref. 22). 
gation detected on a perfectly flat surface would therefore correspond to changes in 
φ, provided that the DOS is constant. By modulation of the gap width one can in 
principle separate the information on the barrier height from structural information. 
With a small modulation (a few tenth of an Â) of the Z-piezodrive, the ac tunnel 
signal which is detected by lock-in techniques will correspond to 
d / 
d ì ( ф + 
dφ 
2 ф d s 
) / (6) 
provided that the modulation frequency is well above the cut-off frequency of the 
feedback signal. The equation is derived from Eq. (5) when the linear factor is as­
sumed to be constant, φ is considered to be dependent on gap width, which is the 
case for small s (< 5 Â) when the image force drastically lowers the barrier. For 
this reason φ can not be identified with the work function. Only at large distances 
(infinity, by definition) when φ becomes independent of s, one can speak of the 
work function. 
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Fig. 6. Structural profile (a) and barrier-height profile (b) for Au deposited on a 
Si substrate The peaks at position A and В correspond to Au islands (after 
Ref 25) 
The changes in φ can be monitored as a function of position. Thus a barrier-
height profile of the surface can be measured. Changes will occur on spots where 
the local charge is different from its environment, due to eg a sharp step or a chem­
ical bond of an adsórbate. A surplus of charge at the surface increases the barrier 
height, while a depletion tends to lower it. In combination with known decoration 
techniques and Auger-electron analysis a local chemical fingerprint of the surface is 
feasible (Fig. 6). 
d//dî plotted versus / should give an idea about the average work function of 
the metals involved, at least for small currents. The expected linear dependence is 
measured in most experiments (Fig. 7), but the slope corresponding to ф is gen­
erally lower as expected from other work function data. On clean, well-prepared 
surfaces a reduction of 50 % is often observed. Binmg et al 2 3 have looked into this 
problem and find, both theoretically and experimentally, that gap modulation at 
constant voltage approaches the real value of the work function. Gap modulation at 
constant current, which should give the same result on theoretical grounds (except 
for its sign), yields drastically lower values in expenment. This discrepancy is rea­
sonably explained by the effects mentioned above (image potential, corrugation)24. 
Also the dependence on the topography has to be accounted for, because the detect­
ed current modulation underestimates φ when the surface under the tip is not per­
pendicular to the direction of the modulation25. However, these arguments can not 
explain the very low barrier heights (one order of magnitude smaller than expected) 
which are sometimes observed. 
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Fig. 7. d//dí vs / for a tungsten tip and a Ag surface From the slope of the 
line a value for the effective barrier height is deduced according to Eq 6 φ = 
2 0 e V 
VI. Elastic tunneling spectroscopy 
As was already mentioned in § II, the theoretical approach which is given there 
does not reflect the influence of the density of states of the electrodes In the 
transfer-Hamiltonian approach the number of states within the energy window de­
fined by the applied voltage contributes to the current11 1 9 
; α ¡Ns(r,E)Nt(E+eV)[fs(E) - fx{E+cV)]dE (7) 
yVs(r,£) is the local DOS of the surface at the tunneling site, Nt(E+e V) is the to-
tal DOS of the tip A measurement of / vs V would thus show an ohmic behaviour 
with additional structure on top, representative of the DOS of the electrodes Filled 
and empty states with maximum energy (£p+eV) will predominantly contribute to 
the current because they see the smallest barrier width Integrated over the total 
window, the empty states will be represented more in the tunnel current than the 
occupied ones, because the latter experience a larger effective barrier However, 
the extent to which the DOS is directly involved in the tunnel process has been sub-
ject to serious concern26 In a detailed discussion of this matter Harrison27 con-
cludes that in the independent-particle model there is a "conspicuous absence of the 
density of states factor" in the case of normal metals 
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In order to detect possible DOS variations various techniques are used Most 
straightforward is the addition of a small ac voltage on top of a slow voltage sweep 
J L 
0 1 2 
M 
Fig. 8. Two spectra from a W (tip) - Ni( l l l ) tunnel junction In (d) electrons 
tunnel from the Ni to the tip, in (b) they flow in the opposite direction 
d//dV is then detected by a lock-in amplifier17 2 8 In this mode the gap width is ad­
justed with increasing voltage which keeps the electric field limited A drawback of 
this method is the tact that the spectral features are on top of a diverging conduc­
tance towards lower voltages (Fig 8) An approach that avoids this problem is to 
regulate the junction at a constant resistance value29 A third possibility is the solu­
tion as reported by Reihl et a l 3 0 and Hamers et al 3 1 who apply one or more fast 
voltage sweeps above the cut-off frequency, after which the signals are numerically 
differentiated The first experimental results were presented by EIrod et al 2 9 
They performed tunneling spectroscopy on Nb at low temperatures and showed the 
presence of the superconducting gap in their spectra For DOS fluctuations in nor­
mal metals the signals will be less intense and less sharp Both bulk and surface 
contributions are predicted to be present12 but they can in principle be separated be­
cause of their different attenuation in the barrier Especially surface states and dan­
gling bond-like states will show up in the spectra At higher voltages other 
phenomena occur which are related to resonant states in the vacuum gap For eV 
> φ sharp peaks in the spectra have been measured33 3 4 , indicating discrete image 
dL· 
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states which are formed by reflection of electrons at the edges of the potential well 
between the slanting potential barrier and the surface of the positive electrode. 
Once a specific feature in the DOS has been found at a certain energy cV, its 
(a) 
ÎURPACE
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Fig. 9. Schematic representation of electrons tunneling out of (full lines) or into 
(dashed lines) dangling-bond like surface states In (a) a buckled surface is dep­
icted with filled (full) and empty (dashed) orbitals. At positive tip voltage elec­
trons will tunnel out of the filled states at D
s
 to the tip (Fig. 9b) and STM will 
give a profile with protrusions at the occupied orbitals (c). At negative voltages 
(tunneling into empty states, dashed lines in (b) and (c)) the protrusions are ex­
pected at the empty orbitals (after Ref. 19) 
spatial distribution can be resolved by scanning an area in the derivative mode. 
Especially on semiconductors with characteristic dangling bonds this so-called scan­
ning tunneling spectroscopy can render valuable information on the local electronic 
(re)arrangement of the top layers (Fig. 9). Some examples are the studies on (7x7) 
reconstructed surface of Si3 1 , 3 5 and, in the case of metals, on stepped surfaces of 
Ni( l l l ) 1 7 . 
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VII. Inelastic tunneling spectroscopy 
In the previous sections we have confined ourselves to perfect metal-vacuum-
metal tunnel junctions with sharp, well-defined interfaces In these systems the elec­
trons pass the potential barrier without energy loss But what happens when 
molecules are adsorbed on one of the surfaces9 This question has been answered by 
Jaklevic and Lambe in 19667 in the case of metal-oxidc-metal junctions with 
Fig. 10. Energy level diagram in which an electron that tunnels inelastically, 
after excitation of an impurity state ends in a state with an energy fico less than 
in the elastic case 
molecules embedded in between They observed the onset of an extra, inelastic 
contribution to the elastic process at certain voltages, invoked by the excitation of 
vibrational modes of the adsorbed dipoles The process ot inelastic tunneling is dep­
icted in Fig 10 Parallel to the (ohmic) elastic process, electrons can tunnel through 
the barrier and loose an amount of energy \\ш by exciting an impurity state This 
can only take place when the electrons are sufficiently raised in energy by the ap­
plied voltage, so that they can occupy an empty level on the other end of the junc­
tion In other words e К S= ΐιω has to be obeyed Once this channel is opened the 
slope in / vs V slightly increases with 0 1 to 1% This is then measured as a peak 
in the second derivative d 2//d V2 The width of the peak is mainly determined by 
the thermal broadening of the electron distribution, which is the reason why these 
spectra are always recorded at low temperatures The position of the peak is 
representative of a certain molecular species, while the combination of width, posi­
tion and height provides information on intramolecular and substrate-adsorbate 
bonds36 
With the development of controllable vacuum tunnel junctions the idea was 
raised to apply them to this kind of spectroscopy The advantages over solid junc­
tions would be numerous. 
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variable coverage and composition of adlayers; 
desorption of the adlayer by heating; 
surface accessible for optical excitation; 
vacuum as a conceptually simple barrier; 
no constraints on electrode material; 
local excitation of (part of) single adsórbales; 
direct insight in catalytic processes; 
no electric breakdown of the barrier. 
However, there are serious problems, both experimentally and theoretically, due to 
the completely different geometry of the junction. A discussion has started37-38 as 
to what extent the inelastic process will contribute in a typical STM arrangement. 
On one hand the signal is not an integral over a large area like in planar junctions, 
on the other hand the highly focused tunnel beam might increase the effectiveness of 
the process. Furthermore there is no attenuation due to the dielectric factor of the 
oxide. On the experimental part there is the problem of the high impedance and 
the gap-width stability of the junction. In planar junctions the typical resistance is 
100 Ω, whereas in the STM geometry this is a factor 106 higher. This puts severe 
restrictions on cable capacitances, electronics and modulation frequencies to be used 
in the detection of the second harmonics. The necessary stability of the gap which is 
needed to detect the small changes in the current can be estimated from 
^ « фД5 (8) 
derived from Eq. (5). For a relative change of 0.1% the gap width should be main­
tained stable within 10~4 Â, although the bandwidth can be chosen very small. To 
reach these goals special tunnel devices for cryogenic use have to be designed, with 
special attention for stability with respect to temperature variations and vibrations. 
In Fig. 11 and 12 on the next pages a construction is shown in which the option 
for scanning is omitted, leaving only the possibility of controlling the gap width. 
Preliminary tests with this junction have shown a reliable performance at low tem-
peratures. The sensitivity of the coarse adjustment is ~ 15 Â/° rotation of the rod, 
equivalent to a gear ratio of 1()5:1. The noise in the tunnel current was 0.2% at 2 
kHz with a band width of 10 Hz. 
With these results as a starting point we are optimistic in the prospects of vacu-
um tunnel devices for the detection of vibrational excitations. 
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ν, tttt 'Δ 
Fig. 11. High-stability tunnel device for inelastic tunneling spectroscopy A sin­
gle piezoelectric disc, 15 mm in dum and 3 mm thick, (a) serves both as trans­
lator and as tunnel electrode When placed in between flat glass discs with eva­
porated contacts (b), the outer rim of the piezoelectric disc acts as the translator 
(Kp) for control of the tunnel junction (Vt) which it creates between the inner 
electrode and the central contact on the lower glass disc The range of the 
translator is approximately 0 5 μιτι With this configuration, problems of ther­
mal drift arc minimized due to the compensating structure and a high mechani­
cal stability is achieved due to the simplicity of the design 
Fig. 12. Drawing of the insert to which the tunnel device from Fig 11 is at­
tached The piezoelectric disc (4) is clamped onto its counter electrode via a 
mechanism with adjustable clamping force (3), which serves as coarse adjust­
ment The total unit is attached to a heavy mass (5) which is suspended on soft 
springs (2) to the lower end of the insert The coarse adjustment can be con­
trolled from the top of the insert with a retractable rod (1) (see Ref 39) 
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2. 
Applications of a high-stability scanning tunneling microscope 
Applications of 
a high-stability 
scanning 
tunneling 
microscope 
We have constructed a scanning tunneling 
microscope which is quite insensitive to 
vibrations and has a low thermal drift Low 
thermal drift is obtained by using a 
compensating structure for the z-axis 
(perpendicular to the sample surface) of the 
scan unit and by utilizing symmetry in the x- and 
y-directions. To get a low sensitivity to 
vibrations, we made the scanning unit compact 
and rigid. A very light tip holder construction 
allows a high scan speed. We studied different 
surfaces of Ag single crystals and compared the 
results with a study of the same surfaces from 
the inside by a method based on using focused 
conduction electrons. A terrace surface model, 
introduced to explain the focusing results, has 
been confirmed for the Ag(001) surface. A 
descnption of tip preparation and tip shape is 
given. 
Introduction 
To the large number of surface study methods available to 
the surface scientist a new. very powerful, tool has recently 
been added f 11 the scanning tunneling microscope method 
0Cop\riKhl ІЧЯбЬ [nternauonal Business Machines Corporation 
CopMng in pnnlcd lorm for private use is permitted without 
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(STM) This new method has in common with most other 
surface study techniques that the surface is studied from the 
outside In this paper we desenbe how STM can be used to 
complement another technique, transverse electron focusing 
(TEF), which studies the surface from the inside This last 
method, invented by Tsoi [2j, is based on manipulation of 
conduction electrons and gives information on the 
interaction of those electrons with the sample surface and 
interfaces 
In the first part of this paper a description of our STM is 
given The second part descnbes how the STM can be used 
to find the answer to a question coming from the TEF field 
In the last pan of the paper some aspects of the tip 
preparation and tip shape are desenbed 
1. STM construction 
Construction of the scanning tunneling microscope was 
aimed at attaining the following objectives low themial dnft. 
insensitivitv to vibrations, and high scanning speed Our 
STM consists of a stepping svstem ("louse") on which the 
sample is mounteH and a continuous svstem which cames 
the up In the continuous svstem the thermal dnft was 
diminished by two methods svmmetrv and compensation 
In the v-i directions (lateral directions) we used a svmmetnc 
arrangement ot piezoelectnc and stainless-steel cubes as 
shown in FiKure I The center cube to which the tip is 
connected via j-direclton piezoelectnc elements
я
is moved by 
activating rows of \- and ι-piezoelectnc cubes (¿-held in 
j-dtrecnon) Because of this symmetnc configuration 
thermal dnft is diminished 
Η VAN KEMPEN AND G F A VAN DE WALLE 
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including the feedback loop we applied a white-noise 
voltage across the Z,-piezoelectnc cubes and determined the 
response function from the correlation between the applied 
white noise and the feedback signal (Figure 3) Bv opening 
the feedback loop, applying the white-noise voltage 
successively to Z, and Z, and simultaneouslv observing the 
tunneling signal it could be concluded that the peak at I 5 
kHz in Figure 3 is due to a mechanical resonance of the \ - i -
piezoelectnc svstem This resonance is (nearly) not excited 
when as in normal operation, only Z, is activated (For 
details see [3] ) Although the resonance at 1 5 kHz does not 
affect the scanning it is detnmental in connection with the 
coupling in of external vibrations and in future designs it 
should be pushed to higher frequencies 
The rough stepping device is a conventional louse s\stem 
with anodized aluminum feet moving over a stainless-steel 
plate In order to maintain a high ngidity and thermal 
stabihtv the sample is mounted on one of the feet of the 
Figure 1 
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In the r-direction a compensating structure as shown in 
Figure 2 is used There are two sets of r-piezoclectnc 
elements Z, and Ζ, Z, moves the total \-i assembly while 
Z, moves onlv the verv light up holder and up To gel a 
simple electrical configuration both Z, and Ζ
Ί
 are built up 
from pairs of piezoelectric cubes In this way the stainless-
steel cubes at the corners and the base plate can be at groum' 
potential 
To get a low sensitivitv for external vibrations, we tned to 
make the construction compact and ngid with internal 
resonance frequencies as high as possible Consequently the 
ι-ι range is quite limited Using the maximum voltages 
allowed for the v-i cubes the scanning limits are 8000 x 
8000 A' However for practical reasons (voltage limit of 
UHV feedthrough etc ) we were limited to 3000 χ 3000 A ! 
This \-v deflection is about two times larger than expected 
from the electromechanical coefficient of the piezoelectric 
materia] This is probablv due to the constraints exerted on 
the \- (rcspectivelv )<-) piezoelectric cubes by the neighboring 
stainless-steel cubes in the v- (respectively x-) direction 
Although no normal operation the Z,-piezoelectnc cubes 
are not used the presence of two sets of z-piezoelectnc 
elements is very convenient for evaluating the mechanical 
and electronic properties of the system To measure the 
frequency response of the system in normal operation 
Figura 2 
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louse svstem The thermal drift is £3 A/min along the 
surface and <0 5 A/min perpendicular to the surface 
The vibration isolation system is quite simple consisting 
of a heavy mass hanging on three soft steel springs Viton 
links are used for attenuation of acoustic waves propagating 
in the spnngs No active damping has been applied because 
Irequencies above the resonance frequency are attenuated 
χ Ι /ω without damping and « Ι /ω with damping 
An analvsis of the frequency spectrum of the tunnel signal 
shows building vibrations ( 18 Hz 0 04 A rms) and the 
resonance of the spring system (3 Hz 0 08 A rms) In 
addition there is a white-noise contribution with a !/ƒ like 
tail of unknown ongin bringing the total noise level to 0 15 
A rms No response to acoustic signals was present for 
normal levels of acoustic energy 
From the response measurements it follows that the 
response time is smaller than 0 3 ms so high scan rates can 
be used However at present the scan rate is limited by the 
signal processing to 400 points/s 
2. STM application to a TEF problem 
The principle of TEF is explained in Figure 4 Electrons are 
injected bv the emitter point contact m a metal single 
crvstal At a second contact the collector under condition of 
long mean free path a voltage peak can be observed when a 
magnetic field focuses the electrons, directly or via specular 
ictlections on this contact An example is given in Figure 5 
The conduction electrons will onlv be specularlv rellected 
when the surface (seen from the inside) is smooth on a scale 
of the de Broglie wavelength of the electrons (=5 A for Ag) 
Quite remarkably high speculanties have been observed for 
a large number of metals and semimetals both bv Tsoi and 
bv our group [2 4 5) even for samples which are not 
polished but onlv chemicalb etched and which sometimes 
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Figure 6 
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have a rough appearance when viewed with an optical 
microscope This apparent discrepancy can be solved by 
assuming that the surface consists of Hat terraces separated 
by more or less steep slopes such that on a microscopic scale 
a rough surface is formed. To verify this assumption we 
compared TEF and STM measurements on (001 ) and (Oi l ) 
Ag surfaces The last stage in the surface preparation was an 
etch in a mixture οΓΗ,Ο, and N H , solution. The TEF 
result, averaged over about 100 observations, gave a 
speculantv coefficient 1} of 0 64 for the (001 ) surface [5]. A 
typical STM observation is given in Figure 6 As shown bv 
this figure and many other observations, the surface consists 
in large part of atomically flat terraces. From the many STM 
pictures taken, we can conclude that roughly half of the 
surface is sufficiently flat to specularly redect and focus the 
electrons on the collector The (Oi l ) surfaces showed a lower 
specularity' q - 0 37. The STM graphs of the (011) surfaces 
show surfaces which vary from atomically flat regions via 
smoothly curved regions to highly corrugated regions (Figure 
7). In general they had a considerably more hilly appearance 
than the (001) surfaces 
3. The tip 
To interpret the high-resolution STM topographic data it is 
necessary to know the shape of the tip In this section. 
preparation of our tip is described and observations on its 
shape are presented 
The tip is fabricated from a drawn 0.1-mm-diameter W 
wire which has its axis in the [011J direction An 
elearochemical etch procedure resulted in a tip with a radius 
of approximately Ι μιττ. Further preparation involved 
melting of the tip by applying a large current in shorted 
position in U H V 
Several methods were used to study the structure of the 
tip. The most detailed information was obtained by pushing 
the tip carefully a few hundred A into a flat part of a silver 
single-crystal surface and following this with a scan of the 
indented surface. An example is shown in Figure 8. 
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u^pícially when the result is shown in an equal-height 
contour diagram, it is clearly visible (Figure 9) that the 
indentation has well-dehned faces which extend to about 10 
Λ from the top When we consider the hardness of the 
tungsten tip with respect to the Ag sample, it seems plausible 
that the indentation represents the shape of the tip to a 
certain extent Details of the order of 10 Â around the top 
will be lost because of the finite tunneling distance. The top 
angles of the pyramidal tips, taken relative to the axis of the 
wire, are s50*. 
Additional information has been obtained by observing 
the used tip by conventional SEM. ТЕМ. and STEM. Figure 
10 shows clearly the spherical globule caused by tip melting. 
(This feature is absent in unused tips which underwent an 
identical etch procedure.) 
When studied by STEM and ТЕМ. a rough region visible 
on the spherical part resolves into an agglomeration of mim-
tips approximately 1000 Ä wide at the base. 
Some topographic STM observations show extremely 
steep slopes (Figure I I , slope 90*. height = 100 Â), which 
cannot be explained by the described tip shape. Possibly 
during those measurements the mini-tip earned the whisker-
like micro-tip The present experiment is unable to detect 
this kind of configuration because the micro-tip probably 
will be crushed during indenting and even when it is not 
crushed the sharp indentation will not be detected by the 
scan because of the finite tunneling distance. Hence other 
expenments are needed to solve definitively the origin of the 
steep slopes 
4. Summary 
A description of our STM has been given During the design 
special attention was directed towards making the 
instrument insensitive to vibrations and minimizing the 
iherma) drift, while relatively little attention was paid to 
vibration isolation. The mechanical charactenstics of the 
STM have been desenbed. The instrument has been used to 
throw light on a problem in the field of transverse electron 
focusing, another method of studying surfaces. A descnptior 
of tip preparation and tip shape has also been presented. It 
appears that the tip carnes pyramidal mini-tips, and in 
addition there are indications that the tip may sometimes 
carry whisker-like micro-tips. This last point, however, needs 
more study. 
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We have constructed a scanning tunneling microscope for operation under UHV conditions 
(10 - R Pa) With this instrument topographic measurements can be made on metal and 
semiconductor surfaces by means of a scanning tip electrode, driven by piezoelecinc ceramic 
elements The maximum area covered ranges up to 4000 χ 4000 À2 with a resolution better than 
10 A laterally and 0 15 A rms perpendicular to Ihe plane Because of its compact design, the scan 
unit is very insensitive to vibrations and has a response time down to 0 3 ms This allows a high 
scan rate to be used In order to minimize temperature effects, special attention is paid to the 
geometry of the construction and the materials used, resulting in a drift <4 A/mm along the 
surface and 0 S A/mm perpendicular 
INTRODUCTION 
Several attempts have been made in the past to construct an 
instrument to study surface topography by using the current 
flowing from a sharp metal tip as a probe The resolution 
obtained was limited by the extensiveness of the current 
beam extracted from the tip by means of the field emission 
effect ' It was only recently that, by using tunneling instead 
of field emission to generate the current, a high resolution 
was achieved 2 Binnig et al showed that it is possible to build 
a scanning vacuum tunneling microscope (STM) with a reso-
lution on an atomic scale Since then, many exciting results, 
both experimental and theoretical,^-6 have been published 
In view of the growing interest in surface science and the 
promising features of the STM, it is not surprising that many 
investigators are infected by the STM louse 
However, the present generation of tunneling micro-
scopes still suffers from large thermal drifts7 and small scan 
rates In this paper we present the principle, construction, 
electronics, and performance of our STM, which is charac-
terized by an excellent thermal stability, low vibration sensi-
tivity, short response time, and a very high scan rate 
I. PRINCIPLE 
By use of piezoelectric crystals a metal tip is moved to a 
metal or semiconductor surface until a finite tunnel resis-
tance can be measured Because of the exponentially decay-
ing wave functions of the electrons in the barncr, the tunnel 
resistance is very sensitive to the gap width (d ) 
R a exp(2Ad ), 
with k = (2тф /ypjroot the inverse decay length of the 
wave function (m = free-electron mass, φ = average bamer 
height) This expression is valid in the case where the voltage 
is small compared to φ /e B With a constant voltage across 
the junction the tip is scanned along the surface, while dis­
tance and, hence, the tunnel current is kept constant by a 
feedback signal to a piezo element, which adjusts the tip-to-
surface distance When φ is constant over the surface, this 
signal gives direct information on the topography of the sur­
face on an atomic scale 
II. CONSTRUCTION 
The actual design of the apparatus was governed by sev­
eral constraints of which the most important are The STM 
has to be free of thermal drift caused by the use of matenals 
with different thermal expansion coefficients, it has to reach 
a high scan speed, it has to be mechanically well isolated 
from its environment, it may not be influenced by excited 
internal resonances, and it has to operate under ultrahigh-
vacuum (UHV) conditions 
A discontinuous rough positioning system, similar to 
the one described by Binnig et al ,2 takes a sample in a step­
like fashion in the direction of a metal tip It consists of a 
piezoelecinc plate,9 1 -in diameter, to which in our case four 
aluminum feet are attached with a conducting epoxy The 
surface of the feet has been anodized to form a thin layer 
[~\0μ) of АІ2О3 They can be clamped electrostatically to 
their respective stainless-steel ground plates, which are sepa­
rated from each other by thin-glass spacers To decrease the 
influence of vibrations and thermal drift, the sample is 
mounted on one of the feet of the so-called louse rather than 
on top of it An inch worm controller10 is used to generate the 
appropnate sequence of block voltages for the motion of the 
louse up to 30 steps/s By changing the voltage across the 
piezo disk, the step size can be varied between approximately 
200 and 5000 À 
Opposite to the sample an electrochemically etched 
tungsten tip is mounted onto a 3-D continuous fine-position-
ing system, made of small piezoelecinc cubes" ( 3 x 3 x 3 
mm1) interconnected by stainless-steel pieces In order to 
prevent thermal dnft a compensating structure is used (Fig 
1 ) for the positioning of the tip perpendicular to the surface 
(Z direction) It cancels out any thermal motion of the tipdue 
to the difference in matenals used m the continuous system 
and it doubles the range of the tip in the Ζ direction For 
reasons of ngidity a different approach has been taken for 
the arrangement of the cubes in the X and Y directions (Fig 
2) The stainless-steel pieces on the outer corners are fixed to 
the base via the Z2 piezo elements, while the center block, to 
which the Z, piezos and the tip holder arc fixed, can move m 
two dimensions by activating the appropnate arrays of 
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Fií. 1 Side view of the fine posi 
Honing contro) The dashed parts 
denote the piezoelectric material 
The base II) and the X У svienilo) 
are connected by the Ζ piczos|2) 
which serve as a compensation for 
the Ζ piezo 13) that moves the tip 
holder (5) with its tip (41 
(three) piezo cubes Because of this symmetric configuration 
thermal drift is avoided in a first approximation To achieve 
a high scan rate and a short response time, the 3-D fine posi­
tioning is kept light and rigid with only a very small mass on 
the Z, piezo 
Several other precautions have been taken to prevent 
disturbance from surrounding vibration sources (building, 
pumps, etc ) As already mentioned the sample is mounted 
on one of the feet rather than on the piezo disk itself, the 
whole of louse and fine control is integrated in a compact 
solid unit minimizing motion of the tip relative to the sample 
due to, с g , gravitational forces or internal resonances, the 
complete unit is mounted on a vibration isolation system 
consisting of a heavy mass combined with three soft steel 
springs Viton links are used for attenuation of acoustic 
waves propagating in the springs No active damping is ap­
plied, in view of the fact that frequencies above the resonance 
frequency are filtered better without (αϊ/ω 2 ) than with 
( Œ \/ώ\ damping l î Furthermore a second-stage spring sys-
tem is omitted, because this would result in a higher reso-
nance frequency'2 and so might cause a better coupling of 
the obnoxious higher frequencies 
Because of the high voltages used, all wiring has a 
PTFE coatmg, known for its low oulgassing rate and good 
temperature stability The signal from the tip is fed into a 
low-noise coaxial cable with a PTFE dielectncum 
III. ELECTRONICS 
In Fig 3 a block diagram is depicted in which both the 
electronic circuitry and the STM are drawn schematically 
The Jt and Kpiczos serve as the scanning elements for the tip, 
FIG 2 Back view of ihe fine positioning 
control The dashed parts denote the 
piezoelectric material The four comer 
blocks are fixed to the base and the сел 
ter block carnes the Ζ, piezo and the Ир 
holder To move the tip in honzontil 
(vertical) direction the two vertical (hor 
izontal) arrays of X piezos ( Kpiezos) are 
activated The arrays have opposite po­
larity 
'<У,-
•У/ 
χ ' 
> ϊ < 
'
γ/ 
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FlC 3 Block diagram of the electronic circuitry The lower half depicts the 
constant-curren l feedback loop In (he upper half the scanning data imag 
ing and processing control are shown 
while the Z, piezo is part of the feedback loop that keeps the 
tunnel current constant at a given voltage between 5 and 
5 V across the junction The current is sensed as a voltage 
across a I Mi? resistor parallel with a small capacitor to 
filter high-frequency noise (Fig 4) The signal is fed into one 
of the high-Ohmic differential amplifiers (gain = 10), de­
pending on the polarity of the tip voltage The output signal 
IS then compared with an externally adjustable reference vol­
tage Thus the value of the tunnel current can be chosen At 
this point the output signal is led through a proportional 
integrating circuit and a variable gain amplifier Finally a 
high-voltage amplifier (gain = 50) delivers the correcting 
signal to the piezo element Z, In normal operation Z-. is 
shorted A computer is used for both the supply of the proper 
scanning signals to the A" and К piezo elements and the acqui­
sition and processing of the output signal of the feedback 
loop Simultaneously a memory oscilloscope monitors the 
surface topography instantaneously The Z-, piezo, whose 
main purpose is to compensate for the different thermal ex­
pansion coefficients, can be used for ac modulation during 
phase sensitive measurements, forde drift compensation, or 
for testing the frequency response of the system when the 
feedback loop is closed 
FlC 4 Electronics for the constant current feedback control Sec the text 
for explanation 
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IV. PERFORMANCE 
With the STM as described above, measurements have 
been performed on metals" (Fig S) and semiconductors 
From analysis of the frequency spectrum of the tunnel sig-
nal, two significant contributions to the noise can be ascribed 
to the vibrations introduced by the resonance of the spring 
system (3 H?, 0 08 A rms) and the building ( 18 Hz, 0 04 A 
rms) The remaining noise has a white character with an 
indication of a l//"-Iike tail and is of unknown origin We also 
studied the response of the system on acoustic signals 
White-noise sound was generated by a loudspeaker at about 
1 m from the vacuum system While monitoring the signal 
no coupling was found, unless the power to the speaker was 
increased into the tens of watts range This observation rules 
out acoustic signals as a source for the signal noise The total 
noise level is of the order of 0 15 A rms The lateral resolu-
tion, estimated from topographic measurements, is better 
than 10 À 
The precautions taken to minimize temperature effects 
result in a very reliable positioning of the tip relative to the 
surface Lateral drift is limited to a maximum of 4 A/mm 
This means approximately 1 to 2 A per measured image of 
200X50 points Together with the slope of the surface, this 
drift determines the apparent drift in the Ζ direction The 
intrinsic drift in this direction is estimated to be less than 0 5 
A/min, assuming that room temperature is constant within 
0 1 K/h 
A short response time is achieved due to the extremely 
light construction of the tip positioning system Its mechani­
cal properties can be denved from Fig 6 In Fig 6(a) the 
measured frequency spectrum of the tunnel signal is indicat­
ed, when the current is adjusted to 1 nA manually (without 
feedback signal) via Z 2 and white noise is applied to Z, simul­
taneously In Fig 6(b) the opposite case, where the functions 
of Z, and Z ; have been interchanged, is shown As can be 
seen in the latter case, the resonance appearing at 1550 Hz, 
which is of mechanical origin, is generated by the Z 2 piezos, 
displacing the complete Х-У unit The former case shows 
that no severe resonantes disturb the frequency response of 
the Z, piezo, which only has to displace the tip holder One 
also notices that the amplitude of the signal decreases with 
frequency However, when the system is in feedback mode, 
this effect will have no influence because of the high loop 
gain When during operation of the STM (so in feedback 
(a) 2 г 
1 2 
frequency (kHz) 
lb) 
1 2 
frequency (kHz) 
Fio 6 Frequency spectrum ofthetunndcurrem (rms) Thecurreni is man 
ually adjusted to \ nA by piezo / 2 \Z,) while at the same time white noise is 
applied across Z, (Z ;) in Tigs 6(a| and 6(b) 
mode) white noise is applied across Z2, the frequency re­
sponse of the system can be measured (Fig 7) As we probed 
the feedback signal at the input of the high-voltage supply, a 
response of 0 02 should be seen, which is indeed the case 
Because the peak at 1550 Hz is the result of a resonance due 
to the activation of Z 2 (see explanation above) one can con­
clude that the response time of the SI M is less than 0 66 ms, 
and probably less than 0 3 ms [see Fig 6(a)] So scan rates of 
400 pomts/s can easily be obtained As a consequence of the 
compact construction leading to these performance data, the 
Χ Y deflection is limited to 4000 X 4000 A^ 
Due to this high scan velocity and the low thermal drift 
a certain area can be scanned in two different (perpendicular) 
FIG 5 Ag (001) surface 2000x2000 A 1 The stepped structure is clearly 
visible The height of each terrace corresponds with two monolayers 
(4 Ü ± 0 2 Â) 
08 12 16 
frequency (kHz) 
Fie 7 Frequency response of the closed loop system to white noise across 
Zj measured at the output of the variable gain amplifier in Fig 3 (1/50 
times the signal across Z,) 
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decreased noise contribution is clearly visible by comparing 
Fig 8(a) with Fig 8(b) 
As mentioned before, a voltage can be applied across 
the junction between — 5 and + 5 V, with tunnel currents 
from 0 1 to 10 nA This enables us to investigate the voltage 
dependence of the tunnel current, which can contain infor­
mation on the electronic structure of the surface. 
ACKNOWLEDGMENTS 
The authors wish to thank Dr G Binnig and Dr H 
Rohrer for their most helpful support and for sending their 
preprints Also we wish to thank Dr R. M Feenstra for 
Useful discussion 
Part of this work is supported by the Stichting voor Fun­
damenteel Onderzoek der Materie (FOM) with financial 
support from the Nederlandse Organisatie voor Zuiver We­
tenschappelijk Onderzoek (ZWO) 
FlG 8 Heavily deformed Ag (001) surface [400x600 Λ1) due to impaci of 
the tip Figure 8(a) shows a normally scanned area (recording time 23 s), 
while in Fig B(b) each scan is repeated nine times and subsequently averaged 
(recording time 220 s) ΊΊκ noise reduction is clearly visible 
directions This is very convenient for checking both the cali­
bration of the X and Y deflections and the reproducibility of 
a measurement Also, digital averaging of repeated scans can 
be applied A large number of scans ( 10-100) can be averaged 
without appreciable lateral drift taking place In this way the 
low-frequency noise can be reduced drastically As an exam­
ple, a hilly part of a Ag surface is shown in Fig 8 In Fig 8(b) 
each scan is repeated and averaged nine times In this case 
the total dnft during those nine scans is 0 3 Â, this means 6-
Â dnft during the recording of the complete picture The 
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Comparison of transverse-electron-focusing and scanning-tunneling-microscopy measurements 
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Chemically etched Ag (001) and (011) surfaces have been studied from inside the sample by 
transverse-eleclron-focusing (TEF) experiments and from outside the sample with a scanning tunnel­
ing microscope (STM) The TEF experiments give mean reflection coefficients of 0.37±0 03 for the 
(011) surface and 0 64±0 02 for the (001) surface This difference is confirmed by the STM data, 
which show a hilly (011) surface, while the (001) surface consists of large, atomically flat terraces 
With the additional information from the STM, the unexpected high specular reflectivity, which is 
often observed in TEF experiments, is explained. 
I. INTRODUCTION 
Recent advances in manipulating conduction electrons 
within metals by point contacts and magnetic fields 
(transverse electron focusing) on one hand and the inven­
tion of the scanning tunneling microscope on the other 
hand should make it possible to study one and the same 
surface from the inside and from the outside of the metal 
using the conduction electrons. It is the purpose of this 
paper to report on this sort of investigations and to use 
the companson of the two methods to throw light on a 
long-standing problem in the field of transverse-electron-
focusing expenments. 
It has been shown before 1 ' 1 0 that the transveree-
electron-focusmg technique (TEF) can be used to deter­
mine the probability for specular reflection q for electrons 
incident normal to the surface of a metal or semi metal. 
This technique has been applied successfully to a vanety 
of different metals and semimetals: Bi,1-2 Sb,3 W,*"6 
Cu,4 , 7 Ag,8,9 Al,9 and Zn.1 0 In many of these expenments 
the reflection coefficient q turned out to be surprisingly 
high, despite the sometimes apparent roughness of the 
surface and the crude preparation techniques. The high 
specularity implies a surface smooth on the scale of the de 
Broglie wavelength of the conduction electrons (5 A for 
Ag). One way out of this contradiction is to assume that 
the surface consists of atomically flat terraces, separated 
by steep slopes, such that the optical appearance is that of 
a rough surface. In search of a method to confirm this 
hypothesis, we have applied the scanning tunneling mi­
croscopy (STM) technique to these samples, because this 
technique has proven to be a powerful tool in matters of 
surface analysis (For a review of the pioneering work of 
Binnig and Rohrer, and their collaborators, on this sub­
ject, see Ref. 11.) The STM technique is very suitable for 
obtaining detailed information on the surface roughness 
of bulk samples, on a scale sufficiently small to compare 
with the specularity obtained from the TEF expenments. 
In this paper the STM technique is compared with the 
TEF technique, using Ag(OOl) and (011) surfaces. We 
first desenbe briefly the pnnciples of the two techniques, 
the sample treatment, and the expenmental methods. 
Next, the results of both expenments are presented, lead­
ing to a discussion in which the data are compared and in­
terpreted. 
II. PRINCIPLES OF THE TEF AND STM 
TECHNIQUES 
The principle of the TEF technique is as follows· A 
current is injected into a metal single crystal through a 
point contact (the emitter). A uniform magnetic field in 
the plane of the surface is used to bend the paths of the 
electrons to bnng them to a second contact (the collector). 
Here they produce a field-dependent voltage across the 
resistive junction between the contact and the surface (Fig. 
1). The electrons of pnmary interest are those leaving the 
emitter, moving with a velocity perpendicular to the sur­
face.' At certain values of the magnetic field these elec­
trons reach the collector, either directly (B =BQ) or after 
one or more specular reflections from the crystal surface 
between the point contacts (B —2B0t 3B0t... ), resulting 
in voltage peaks. When a fraction q of the electrons in­
cident on the surface is reflected specularly, then each 
FIG. 1 Ex penmental setup of the TEF expenment. Elec­
trons are injected through a point contact E and focused on 
another point contact С by means of a uniform magnetic field 
В The electrons can also be focused on С after one or more 
specular reflections from the crystal surface. The point-contact 
distance L ranges from 50 to 500 μπι, the injection current ι is 
300 mA, and the collector voltage V is 0 1 to 800 nV 
33 690 ©1986 The Amencan Physical Society 
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voltage peak is lower than the previous one by a factor q 
So, it is obvious that q gives a measurement of the rough­
ness of the sample surface 
In the case of STM, electrons tunnel through a vacuum 
barner of a few angstrom from the crystal to a sharp met­
al electrode, under influence of a small voltage difference 
The tip is fixed to a three-dimensional displacement de­
vice built up of piezoelectric parts l 2 n While the tip is 
scanned along the surface, the tunnel current, and there­
fore the distance, are kept constant via a feedback voltage 
to the piezo clement which moves the tip perpendicular to 
the surface Thus, information on the topography can be 
obtained by monitoring the feedback signal 
III EXPERIMENT 
A Samples 
The samples used were Ag single crystals of 99 9999% 
punty,14 spark cut from a single-crystal rod with one sur­
face perpendicular to the [001] axis and the other perpen­
dicular to the [Oil] axis Ag has been used, firstly be­
cause it is obtainable in high punty, leading to a large 
electron mean free path at low temperatures Secondly, 
the Fermi surface approaches the free-electron sphere very 
well, except in the (111) directions where it bulges out to 
make contact with the Bnlloum-zone boundary l 5 The 
samples were etched chemically in a NH3 solution 
( > 25%) of about 20 ml, with five to ten drops of a 40% 
H2O2 solution added This yielded a shiny surface to the 
naked eye, terracelike for the (001) crystals, but rather 
rough for the (011) ones The samples were annealed for 
eight hours at 8500C in 10 *-Тогт air16 and, finally, again 
a short etch cycle was applied with the same solution 
This procedure yielded a residual resistivity ratio [Ж300 
K)/K(4 2 Ю] of 15 000, leading to an electron mean free 
path / of about 700 μιη at low temperatures 
В TEF 
The TEF measurements were performed at liquid-
hehum temperatures (<4 2 K) and the insert was con­
structed in such a way that both the point contacts and 
the sample could be handled from outside while at low 
temperatures Since the magnetic field was directed hor­
izontally, the samples were mounted so that their surfaces 
were as horizontal as possible (typically within a few de­
grees) The point contacts consisted of 0 l-mm-diam W 
wires etched electrolytically in a 5N KOH solution, re­
sulting in sha φ points with a radius of about 0 5 д т 
The distance between the point contacts ranged from 
about 50 to about 500 μτη After immersion m the heli­
um bath the point contacts were spot-welded on the sam­
ple surface, using a 90 V battery with a 1-ΜΩ senes resis­
tance This gave a rather stable contact, also in magnetic 
fields, with a resistance on the order of 0 1 Ω The point 
contacts could be lifted again from the sample surface in 
the helium bath, eg , to rotate the crystal or to renew the 
contact Because of the stiffness of the tungsten, the 
wires kept their shape during these operations 
The insert was placed in a glass cryostat with an unsil-
vered tail, with the direction of the line connecting the 
point contacts such that their distance could be measured 
in the helium bath The errors in direction and distance 
were strongly dependent on the quality of the sight m the 
bath, but were typically Tand 0 01 mm, respectively 
The measurements were made using a current source, 
which supplied ac injection currents of about 300 mA rms 
at a frequency of about 24 Hz The collector voltage was 
amplified with an impedance-matching transformer and a 
low-noise preamplifier and fed into a phase sensitive 
detector, of which the output was plotted versus magnetic 
field on an χ -y recorder 
С STM 
The STM expenments were performed in an ultrahigh-
vacuum environment (2x10 Torr) at room tempera­
ture The samples were mounted to a rough positioning 
device, opposite a 0 l-mm-diam W wire, which was treat­
ed as in the TEF expenment The point was scanned 
along the surface in a constant-current mode (1 nA), with 
a voltage of 50 mV across the junction by means of the 
piezoelectnc driving mechanism In order to increase the 
density of information, successive mappings of the same 
area (1450x1300 A2) were made with mutually perpen­
dicular scan directions This was possible because of the 
high thermal stability of the device ü Each mapping was 
stored by a computer into a field of 40x200 points, 1 e , 
40 scans of 200 data points each Dunng the expenment 
the sample was displaced several times over a large dis-
tance (10—30 μιη) in order to gel an overall idea of the 
surface roughness 
IV EXPERIMENTAL RESULTS 
Figure 2 shows results obtained with the TEF technique 
for the two samples Clearly, the peaks due to direct 
focusing (indicated with 0) can be seen, as well as peaks 
due to focusing after one or more specular reflections 
from the crystal surface (1, 2, etc) Also a continuously 
nsing background is present, which has to be subtracted 
in order to determine the peak heights In Fig 2(a) a 
measurement of the (001) surface with a high q (0 85) has 
been displayed, with the magnetic field directed along the 
[100] axis, and in Fig 2(b), a measurement of the (011) 
sample with the field along the [111] axis From about 
100 expenments on different places of each surface, the 
ratios of the height of the first reflection peak to the 
directly focused peak were taken and subsequently aver­
aged, yielding a mean coefficient for specular reflection q 
of 0 64 + 002 for the (001) surface and 037±003 for the 
(011) surface The mean distance between the point con­
tacts, L, was 150± 10 μπι Notice, that in previous publi­
cations8 9 q was estimated from the maximal ratios of the 
measured peak heights This was done to eliminate the 
influence of the surface roughness and to determine q as a 
function of the type of orbit the electron follows in the 
metalй As we now actually look at the surface roughness, 
we have to take the a\erage value of q 
Figure 3 shows results obtained by the STM technique 
In general, the contours of the (001) plane showed large, 
37 
692 BENISTANT van de WALLE, van KEMPEN, AND WYDER 33 
J I I L 
0 0 2 0 4 
MAGNETIC FIELD (Τ) 
FIO 2 Reflection measurements with TEF Clearly, the 
peaks caused by direct electron focusing (0) and those caused by 
focusing after one or more reflections from the surface 
(1,2, ) can be seen The dashed lines indicate the estimated 
background signal (a) result from Ag(OOl), B||[100J, L =130 
μπι, (Ы result from Ag(Oll), B||[II1J, L-200μιη 
(О 
FIG 3 STM mapping of (a) a Ag(001) surface of 
1430x1300 A showing atomically flat regions separated by a 
large step (approximately 30 A), (b) the same area scanned in a 
direction perpendicular to the previous one, (c) a Ag(01l) sur­
face of 1430x1300 Â showing a smoothly varying structure 
Note the different scales used for the in plane and out-of plane 
axes 
atomically flat terraces ranging from 300 to 1000 À [Fig 
3(a)], The step heights differed quite drastically between 
4 0 A (one unit cell) and about 100 A Great care had to 
be taken to prevent the tip from hitting the surface A 
sudden collision resulted in a severely damaged Ag sur-
face, showing large and steep edges in all directions ' , 
The surface roughness of the (Oil) sample [Fig 3(c)] can-
not be described in as simple a way as the (001) sample 
The topography changes from atomically flat regions via 
smoothly curved ones to highly corrugated regions No 
decisive description can be given, although a general ten-
dency of roughness in companson with the (001) sample 
prevailed 
V DISCUSSION 
In order to make a comparison between the two tech-
niques, a further analysis of the mechanisms involved and 
the data is necessary In the TEF expenment, consider 
the point contacts to lie on the χ axis and the applied 
magnetic field along the y axis Now we calculate the de­
viation in the orbit of an electron which has been reflected 
from an oblique surface element between the point con­
tacts, instead of a flat one Suppose that the reflection at 
the tilted area takes place at the origin, with the emitter at 
a distance — jL and the collector at + yL, with yi. the 
diameter of the cyclotron orbit The normal of the sur­
face element is given in polar coordinates (θ,φ) Consider 
the electron incident along the 2 axis It will then be re­
flected over 20 in the direction of φ Because the distance 
traveled in the χ direction is only dependent on the ζ com­
ponent of the velocity just after reflection, it will be a fac­
tor of cos(2d) less than jL This makes the deviation 
from the collector be 
Д£.
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The deviation in the y direction is determined by the velo­
city vF of the electron and its time of flight t after reflec­
tion 
ùL, = i>,f, (2) 
where 
у=
 е
$тф іпі2 ) (3) 
and / is the time necessary to travel along a segment of 
one circular cyclotron orbit 
_ _ 2arctan[cos^tan(2é»] „ ... 
2π ' 
where T
e
 is the cyclotron penod Furthermore, we can 
write Df in terms of the cyclotron frequency 
u
r
— 7Lii>
c
 (5) 
When we substitute Eqs (3)—(5) in Eq (2), we find 
Д £ , = 7£.$іп0$іп(2 )(іг-2агс1ап[соя*1ап(2 ) ] | (6) 
In the case of the Ag(001) surface, the electrons which 
are focused on the crystal surface form a broad front 
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resembling the front formed by electrons running over a 
spherical Fermi surface ' Therefore, the deviations of the 
electron orbits in the y direction do not play a role and φ 
can be taken as zero Consequently, the detected reflec­
tion signal is mainly dependent on the slope of the surface 
in one direction only The electrons, which reflect at the 
(Oil) surface, are confined in narrow channels due to the 
presence of the necks on the Fermi surface of Ag " 
Therefore, an electron reflected from a (Oil) surface out­
side the plane perpendicular to the direction of the applied 
magnetic field is not compensated anymore by another 
electron, as in the (001) case In order to account for the 
more complicated behavior of the electrons at the Ag(011) 
surface, one can regard the reflection coefficient to be 
dependent on two angular dimensions rather than on one 
From the STM mappings we now calculate the fraction 
of the surface which has an angle of inclination smaller 
than a certain given angle First, the global angle of in­
clination of each area is estimated Next, (he relative tilt 
angles of both the line segments connecting two neighbor­
ing points in the scanning direction (a total of 40 X 200 
line segments, one-dimensional approach) and the trian­
gles, defined by three neighboring points (a total of 
2x40x200 triangles, two-dimensional approach), are cal­
culated Finally, the fraction of lines or triangles with a 
relative tilt angle smaller than a given cutoff angle gives a 
measurement of the reflection coefficient in one or two di­
mensions Because noise fluctuations greatly affect the 
spread in the calculated angles of these small elements, 
each data point of a scan is averaged with its ten neigh-
bore The average values of a large number of measure­
ments for different cutoff angles are shown in Fig 4 As 
can be seen from these data, in the one-dimensional (ID) 
limit the fractions for Ag(0) 1) are smaller than the frac­
tions for Ag(001) One can conclude from this that the 
(011) surface is more corrugated than the (001) one This 
tendency was noticed already by a visual inspection of the 
STM pictures [cf Figs 3(a) and 3(c)] 
For a further companson of the two expenments, we 
limit ourselves to the (001) surface, because a quantitative 
interpretation of the data in the (011) case is problematic 
with the available data, due to the complexity of the Fer­
mi surface, as mentioned before The TEF result for the 
(001) surface ( ? = 0 64) is represented by the dashed line 
in Fig 4 The intersection with the ID data leads to a 
critical tilt angle of 2 7°, which means that [via Eq (1), 
with ¿j = 150 /im) electrons with a deviation of less than 
3300 A are detected at the collector When we assume 
that the point contacts are Sharvin junctions," we can re-
late the contact resistance Я$ and its radius b " 
3iri>2 
(7) 
with ρ the resistivity of the metal and / the electron mean 
free path For Ag, with R
s
=0 1 Ω, we find b =600 À, 
which should be compared with -j-M.,(e = 2 T)= 1650 Â 
This discrepancy is not unexpected for two reasons First-
ly, the finite top angle of the tip causes a tendency of the 
observed sloping parts to spread out This will be a small 
effect because we can conclude from our data that only a 
small fraction of the tilted parts of the surface (~0 2%) 
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FIG 4 Total surface fraction of Ag(OOl) (solid symbols) and 
Ag(Oll) (open symbols) with a tilt angle less than a maximum 
angle в (solid lines) versus Q as calculated from the observations 
by the STM method The results are interpreted by two 
methods a one-dimensional analysis (circles) and a two 
dimensional analysis (triangles) (see text) The analysis has been 
done for fixed angles indicated by the s>mbols, the lines have 
been drawn to guide the eye If the specular reflection coeffi 
cient q from the TEF expenmenl is identified with the plotted 
fraction, then the observed ?—0 64 for the (001) surface leads 
to a critical angle
 е
=2Т as indicated 
has an angle approaching the top angle of the up ' 7 
Secondly, because the point contact is spot-welded, it is 
not an ideal Sharvin contact, which means that the diame­
ter will be larger than that deduced from the resistance 
VI CONCLUSIONS 
The hypothesis that the high specular reflectivity for 
conduction electrons of etched surfaces of metal samples 
is due to the fact that the surfaces consist of atomically 
flat terraces is confirmed for the Ag(001) surface by STM 
measurements The Ag(011) surface, which shows a con­
sistently lower spéculant)' than the (001) face, has a clear-
ly more hilly surface, as revealed by the STM The 
described expenments have shown that the same surface 
can be studied from the inside and from the outside, and 
that useful complementary information can be obtained 
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Tip structure determination by scanning tunneling microscopy 
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A real-space image of the geometry of a tungsten tip b> scanning tunneling microscops is 
presented I he micrographs show the existence of distinctly faceted mini tips which are approxi-
maieh 1000 A wide and have a radius of the order of 10 A and top angles ^ 50° with respect to 
the axis of the tungsten wire SFM and SThM pictures show a very rough lip structure on a micron 
scale and confirm the existence and dimensions of the mini lips, which are situated on top of a 
drop like structure probably formed after in-situ melting of the top of the tip 
In the short period of its existence scanning tunneling microscopy has 
produced a large amount of high-resolution, real-space observations of metal 
and semi-conductor surfaces. However, experimental study of the equally 
important scanning probe has so far ben limited. This lack of knowledge of the 
fine structure of the tip hinders a detailed understanding of the tunneling 
processes involved To explain the high lateral resolution of the SI M ( sg 5 A), 
several suggestions have been put forward about the size and shape of the lip. 
'the existence of small mint tips with one or two outermost atoms [1] or a 
central facet with small atomic clusters on top, or the presence of kink sites [2] 
have been proposed, while the observation of deep and narrow trenches [3] and 
high and steep edges [4] has been interpreted to favour a model with a long 
sharp needle Furthermore, the different preparation techniques and in-situ 
sharpening procedures seem to have more to do with obscure witchcraft than 
with scientific reasoning Plain grinding of the lip and in-situ sharpening with 
high electric fields [5] or clectro-chemically etching an in-situ shorting of the 
junction (our procedure, see below) lead to comparable results. In this letter we 
present data on the structure and geometry of the lip as measured with our 
scanning tunneling microscope (STM) [6]. with SEM (scanning electron mi­
croscopy) and with STEM (scanning transmission electron microscopy). 
* Also al Max-Planck-lnstitul fur Fesikorperforschung, Hochfeld-Magneilabor 166X. F-38042 
Grenoble С c'de\ I ranee 
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The tip in question is made of a drawn tungsten wire with its axis in the 
[110] direction [7], 0.1 mm in diameter [8]. The wire was electro-chemically 
etched in a 5N K.OH solution with an AC voltage of 6 V across the electrodes. 
This resulted in a sharp tip with a radius of about 1 μιτι estimated from 
observation with an optical microscope. Next, the tip was mounted to the 
STM, which was then transferred to a vacuum system. ln-situ sharpening or 
cleaning was done by activating a 1.6 A hairdryer in the neighbourhood of the 
STM. The radio-frequency interference pulse thereby caused a short-circuit of 
the junction. At two occasions when the tunnel response was very poor a short 
high-voltage pulse (30 V) without current limitation was applied to the 
junction. 
In order to study the structure of the tip itself, it was pushed carefully (a few 
hundred angstroms) into one of two differently oriented surfaces, (001) and 
(011) of a Ag single crystal prepared as described in ref. [9]. Before and after 
an indentation with the tip, the surface was scanned in two, mutually per­
pendicular directions. The measurements were performed with + 50 mV ap­
plied to the tip and with a tunnel current of 0.4 nA. In between longer periods 
of normal use of the STM as a surface-image device, several indentations were 
measured by the described method. Finally, the tip was removed from the 
STM and transferred to a SEM and a STEM, where it was studied together 
with an unused specimen prepared in the same way. 
Fig. 1 shows the result of an indentation, leaving behind a crater in the Ag 
surface as measured by the STM. When the centre of this micrograph is plotted 
in lines of equal height (fig. 2) a faceted structure becomes clearly visible. 
Taking into consideraiion the hardness of tungsten compared to that of the 
Fig 1 Indentation in a Ag ((X)l) surface as measured with STM The indentation is caused by 
genti) touching (he surface with the tungsten dp 
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Fig 2 The same area as m fig 1 but now plotted in contours of equal height (ΔΖ = 3 0 A/line) 
The faceting of the indentation is now clearly observable 
high-purity silver leads us to relate this structure to the geometry of the lip. 
The facets in fig. 2 continue down to a small region with a radius of 10 A, 
where the image looses its details. This can be well understood when one 
considers that the tip scans its own shape, so that details smaller than the 
tunneling distance (— 10 A) are lost. Especially, in the centre the tunneling site 
can get less defined. In the uter regions, at a diameter between 300 and 600 A 
the facets disappear (see fig. 1). We thus conclude that the observed structure 
belongs to a crystalline pyramidal mini tip with facets which continue down to 
an atomic scale, on top of a smoothly curved point. The top angles of an 
indentation are 50° or less, when taken relative to the axis of the tungsten wire. 
This puts the observed geometry of the tip in between the "atomic cluster" and 
"kink" models proposed in ref. [2]. 
The indentations did not show any appreciable relaxation. One hour after 
the first measurement the STM mappings reproduced nearly completely, in 
contrast to observations on Au surfaces [10]. Carefully repeated indentations 
resulted in comparable STM data. No influence of the shorting current of 15 
μ A was observed. The indentations were also independent of the orientation of 
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Fig 1 Silhouette of the tip as seen b> STt-M Two protruding mini tips can be distinguished 
the Ag surface However, when between two consecutive indentations the SI M 
was used in its normal imaging mode for several days during which the 
sharpening procedure was applied several times, a different geometry was 
observed This can be explained by a change in structure of the tip due to 
melting caused by the sharpening procedure 
Calculation of the mutual angles of the different facets has not yet led to a 
satisfactory identification with the expected crystallographic faces for a W 
[Oil] wire The analysis is thwarted by uncertainty whether a deconvolution of 
the data is necessary and whether elastic relaxation of the indentation plavs a 
role Also it is possible that the mini lips have crystallographic orientations 
different from the bulk tungsten wire 
big 1 represents a larger region of the tip as seen by SThM The contours 
of the lip show the existence of mini tips of approximately 1000 A wide This is 
in agreement with the dimensions of the indentation in the Ag surface as 
observed with STM The two tips, which are clearly visible, are 5000 A apart 
and they have a height difference of approximately 400 A No doubt in certain 
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Fig. 4. Top view by SEM of the same tip (a) as in fig 3 and of an unused specimen (b). which is 
prepared in the same wa>. The outer region of the former tip has a damaged structure similar to 
(b). typical for the etch process. The middle region has a drop-like structure, while the central part 
shows a rough, ill-defined surface most likely to be formed during in-silu sharpening procedures. 
In the case of the unused specimen no differentiation is visible. 
cases where the corrugation of the surface is large, the active tunneling site can 
shift from on tip to another with all the consequences for the interpretation of 
the data. Also at larger magnification (in а ТЕМ) with a resolution better than 
100 A. more mini tips were observed. 
Pictures with less magnification were taken with a SEM (fig. 4a). In 
comparison to a freshly etched tip (fig. 4b). we can divide the sharpened STM 
tip into three regions. The background area has a surface structure similar to 
the unused tip. On top of this is a region with two concentric rings, with a 
diameter of approximately 6 jum. and completely different, undamaged surfaces. 
This suggests that the two rings must have been formed in-situ and not during 
the etch procedure. Their drop-like shape points at a process of melting and 
subsequent recrystallization. They were most likely formed during the cleaning 
procedure with the 30 V pulse. The third and smallest region. 3 μηι wide, is 
characterized by a very rough and disordered surface, which is most probably 
caused by the numerous sharpening procedures, which have caused local 
recrystallization of the tip. with the mini tips as a result. 
In conclusion, the STM experiments demonstrate the existence of crystalline 
mini tips on the top of the STM probe, with radii of the order of 10 A and top 
angles smaller than 50°. relative to the axis of the wire. The geometry of those 
mini tips changes when the junction is deliberately shorted as part of the 
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sharpening procedure ТЬМ and STEM pictures confirm the existence of mini 
tips with corresponding dimensions. From SEM observations one also learns 
that on a larger scale (6 μηη) the tip has a drop-like shape, which is covered by 
a disordered overlayer containing the mini tips. The drop-like structure is 
formed when high-voltage pulses are applied to the junction 
We express our gratitude to Ing. AW Dicke, Ing Η Τ J. Smits and Dr. 
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6. 
Photoconductive scanning tunneling microscopy on semi-insulating 
GaAs 
We used the intrinsic surface photoconductivity of illuminated semi-insulating 
GaAs to measure the topography of the surface with a scanning tunneling micro-
scope (STM). The experiments were performed in UHV and in air at ambient pres-
sure using a HeNe laser and a halogen lamp. The increase in conductivity is shown 
by the / vs. V characteristics of the tip-sample contact, both dark and illuminated. 
From these the maximum feedback-controlled tunnel current at a given voltage 
across the junction can be deduced. A calculation of the increase in carrier density 
and conductance upon illumination is given, which confirms the possibility of using 
STM on highly resistive photoconductive materials. Finally the implications and ap-
plications are discussed. 
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Since the introduction in 1982 of the scanning tunneling microscope (STM) as a 
surface-imaging tool with sub-nanometer resolution1, its field of application has been 
continuously growing. At first only metal surfaces under vacuum conditions were 
investigated. Nowadays, next to metal surfaces, semimetals,semiconductors, adsór-
bate covered surfaces and biological specimens are under study. Besides microscopy, 
the STM is also being used as a surface-modifying tool and for spectroscopic 
analysis. In all these applications one obligatory condition is the necessity of the sur-
face being electrically conductive to some extent in order to prevent a build-up of 
space charge during the tunneling process. In the case of semiconductors the 
minimum voltage for tunneling is strongly dependent on the concentration of free 
carriers and the sign of their charge. Besides sufficient doping a way out of this 
problem is thermally stimulated conductivity, where the number of free carriers is 
increased by heating the crystal. Binnig et al.2 have used this effect for their STM 
work on Si. An analysis of the effect of thermally stimulated conductivity on the 
voltage drop in semiconductors is given by Flores and Garcia3. They point out the 
necessity of elevated temperatures for the study of intrinsic or low-doped semicon-
ductors with STM. However, a major disadvantage in this is the thermal drift in the 
apparatus, caused by the in-situ sample heating. 
In this letter we shed some light on this problem. We have measured the topog-
raphy of semi-insulating (SI) GaAs with our STM by using photoconductivity. The 
resistivity of the SI GaAs was decreased by photo-excitation of electrons across the 
band gap. The photocurrent thus generated in the surface layer of the insulator (~ 
1 π A) is large enough to operate the STM in its current-stabilized mode. In the 
case of GaAs visible light is sufficient, because then £
λ
 > £ g a p (= 1.43 eV). In our 
experiment both focused light from a 150 W-halogen lamp and from a 5 mW-HeNe 
laser were used. The intrinsic SI GaAs crystal4 had a resistivity ρ0 of 7x l0
7
 Qcm 
with an electron mobility μ
η
 equal to 5000 cm 2/Vs. Measurements in UHV 
(~ 3 x l 0 - 1 0 Torr) were done with the STM as described elsewhere5. For measure­
ments in air we used a recently developed version which is fully thermally compen­
sated in all directions of motion. Coarse adjustment of the sample was achieved by 
deflection of a double leaf spring system driven by differential screws (50 цт/ге .), 
with a translation reduction of 6:1. This system is free of backlash, hysteresis and 
slip-stick and it is directly attached to the scanning unit. The probing tip was elec-
trochemically etched on a W or Ptlr wire. 
The influence of monochromatic light (632 nm) on the conductivity of the sur­
face is shown in Fig. 1. It shows I-V curves of the tip in gentle contact with the sur­
face which was on earth potential. They were measured under UHV conditions. 
From the dashed curve, taken without illumination, it is clear that the contact 
behaves as a Schottky rectifier with an n-type semiconductor. This n-type behaviour 
might be explained by the relatively low hole mobility in GaAs where 
b = μ,,/μ!, ~ 20 or by the presence of hole traps and/or donor impurities. Under 
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Fig. 1. I — V characteristics of the tip (W) - sample (SI GaAs) contact with il-
lumination by a HeNe laser (full curve) and without illumination (dashed 
curve), under UHV conditions 
this dark condition STM images could only be taken at a positive tip voltage with 
the tunnel current at a smaller value than given by the dashed I-V curve The full 
curve shows the behaviour of the contact when it is illuminated with the HeNe laser 
The increase in conductance is most dramatic at negative tip voltage The rectifying 
property is lost and the junction is now almost symmetric A closer look at V = 0 
shows that the system works as a photocell producing a short-circuit current of 0 05 
nA Another phenomenon related to photo-excitation was observed when the con-
tact was illuminated with white light Shortly after switching on the voltage there 
was partial quenching of the photocurrent The decrease of the initial photocurrent 
was up to 50 % with a decay time of ~ 10 s This quenching effect is probably 
caused by the infrared part of the light source6 
In the illuminated situation, STM measurements both at higher tunnel currents 
and at negative tip voltages are possible In Fig 2 an STM recording of the GaAs 
surface is depicted The area of 300 x 300 Â2 was measured with V = -2 0 V and / 
= 0 4 nA. Several images were taken which all gave reproducible results as long as 
{V,1) did not exceed (V,,/,) given by the full curve in Fig 1 
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Fig. 2. STM image (300 x 300 Λ2) of SI GaAs surface, that was made conduc­
tive by photo-excitation with red light (632 nm), incident on the surface through 
a viewport of the vacuum chamber. The data were taken with V = -2.0 V and 
/ = 0.4 nA. 
In order to get an idea of the increase in conductivity due to photo-excitation 
above the gap, let us consider the steady-state continuity equation for an intrinsic 
semiconductor which is illuminated7 
- — + DV2(An) + G = 0 (1) 
τ
η 
Under the condition of high excitation we can assume pair production An = Ap and 
equal recombination time for electrons and holes τ,, = Тр. The diffusion coefficient 
can then be written in its ambipolar form D = D
n
Dp/(Dn + Dp). We assume uni­
form light absorption, because only the excitation in the top surface layer contri­
butes to the signal. In that case the pair generation rate G can be worked out as 
G=Fa.r)(l-R) (2) 
where F is the photon flux, α the absorption coefficient, η the quantum yield and R 
the reflection coefficient. If for simplicity we neglect diffusion processes the excess 
carrier concentration can easily be calculated from Eq. 1 
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Δη = Gt,, (3) 
Starting from the conductivity without illumination, which can be written as 
σο = е(поЦп + PoVp) (4) 
the increase in conductivity becomes 
Δσ = ε(Δκμ
η
 + Δρμ
ρ
) (5) 
In the case of GaAs where b » 1 this expression can be rewritten into 
Δσ ~ e Δη μ
η
 (6) 
The increase in conductivity at the surface can now be estimated from Eq. (3) and 
(6). With typical values of η = 1, α = 4xl0 4 c m - 1 and τ
η
 ~ 10 - 8 s taken from 
literature8·9 and R ~ 0.35 and F ~ І.ЗхЮ1 7 photons/cm2 as measured, the result is 
Δσ ~ K) - 2 Q _ 1 c m _ 1 . Because Δσ = IO6 a0 the conductivity under illumination o, 
is equal to Δσ. The actual conduction at the contact is determined by the spreading 
resistance in the semiconductor and can be approximated by3 
R
 ~ -L· (7) 
OS 
where / and s are the effective length and cross section of the current lines near the 
contact. When the same estimations are taken as in Ref. 3 namely / = 10 Á and 
s ~ 25 Á2 then R, ~ ΙΟ9 Ω. This is in good agreement with d Vjdl, in Fig. 1 
(~ ΙΟ9 Ω). In the derivation given above, the influence of recombination and trap­
ping processes are neglected. This can be argued by the fact that traps will be sa­
turated and recombination is of minor influence at such a high excitation level. The 
derivation confirms the feasibility for using STM on photoconductive media. 
The application of photoconductivity is not restricted to SI GaAs. With intense 
light sources for sufficient intrinsic excitation (across the band gap) or extrinsic exci­
tation (into or out of impurity levels), measurements on many different (semi-
)insulating materials, both inorganic and organic10 are possible. Other possibilities 
are e.g. the tracing of inhomogeneities in carrier concentration, traps or recombina­
tion centers at the surface. These will give rise to a potential difference along the 
surface, detectable with scanning tunneling potentiometry11. Also diffusion lengths 
could be measured by sensing the tunnel response as a function of distance from an 
illuminated spot on the surface. By combining a frequency-tunable light source in 
the range of 1 - 4 eV with scanning tunneling spectroscopy, excited states, both in­
trinsic and from adsorbed species, might be probed. Also the interaction of infrared 
vibrational excitation of adsorbed molecules with a vacuum tunnel junction might 
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give rise to a promising combination of techniques. 
In conclusion the feasibility of using photo-excitation on semi-insulating material 
for the application in STM has been demonstrated. The surface conductivity of SI 
GaAs was increased drastically by illumination with intense visible light. Thus the 
surface topography could be measured with STM, as the generated photocurrent was 
sufficient to drive the tunnel unit in its feedback mode at moderate voltages (a few 
volts). A theoretical estimate of the contact resistance while the sample is illuminat-
ed confirms the observed effects. 
We thank J. L. Weyher and G. Raab for the preparation and the numerical data 
of the samples, J. W. Gerritsen for his work on data handling and electronics, J. G. 
H. Hermsen for his technical assistance and J. C. Fuggle for careful reading of the 
manuscript. 
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7. 
Hydrogen adsorption and step structures on N¡(111) as seen by scan-
ning tunneling microscopy and scanning tunneling spectroscopy 
Topographic and electronic properties of both the (111) flat surface and atomic 
steps of nickel have been measured with scanning tunneling microscopy (STM) and 
(scanning) tunneling spectroscopy in UIIV. Micrographs of the (111) plane show a 
hexagonal pattern with a dimension of two times the unit structure and a corruga-
tion of 1 Â which increases towards a step. This suggests a p(2x2)2H monolayer, 
induced by the high partial pressure of hydrogen. Micrographs of atomic steps show 
protrusions of 1-3 Â at the corners of the steps. Several explanations are discussed. 
Spectroscopic images of these areas show the same hexagonal pattern on the (111) 
surface and indicate an increase in the density of states at the adsorption sites and at 
the step edges. dl/dV versus V spectra were also recorded. Various peaks in the 
density of states, at different energies below 1 eV above EF showed up, their inten-
sity strongly dependent on the lateral position of the tip. These local changes in the 
density of states might indicate the presence of adsorbate-induced surface states. 
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I. Introduction 
The knowledge of the electronic properties of transition metals is of great im­
portance for the understanding of their catalytic activity1. Nickel, being one of them, 
has had much attention in the past fifteen years. Besides the clean surface also 
chemisorption structures of e.g. S, CO, H 2, О 2 or N2 on the single crystal planes 
are studied extensively2. However, the techniques which are commonly used to ex­
tract structural or electronic information of these surfaces and (ordered) overlayers 
have in general a coherence length or resolving power larger than the unit mesh of 
the surface. The signals arc therefore integrated or averaged over larger areas and 
several questions are left unanswered. In the case of hydrogen adsorption on 
Ni(l l l) it was only recently that the superstructure of the chemisorbed overlayer 
was determined unambiguously by a combination of techniques3. It was concluded 
from that study that a large amount of disorder was still present on the surface, 
although this could not be verified directly by experiment. A second case where no 
definite local analysis could be given concerns the physics of step sites. It is known 
that stepped surfaces show an increased chemical activity caused by an electron den­
sity different from the flat surface and by a considerable lowering of the work func­
tion4. 
A new additional tool which may help to unravel these open questions is the 
scanning tunneling microscope (STM) which, in combination with scanning and local 
tunneling spectroscopy, has already shown its merits both on the part of adsórbate 
structures56 and on the part of local density of states (DOS) measurements7·8. With 
STM the real-space geometry of surfaces on a scale comparable to or smaller than a 
unit cell can be measured8. It is applicable to metals, semiconductors and even in-
sulating materials9·10. Information on the local electronic structure is deduced from 
changes in the conductance of the junction11. 
We have applied these combined techniques to gain some additional insight with 
respect to the two cases mentioned above: hydrogen adsorption and the properties 
of steps on Ni(l l l) . The experimental details, the results and their discussion are 
presented in the following sections of this paper. 
II. Experiment 
The experiment took place in a UHV chamber at a pressure of 3 x l 0 - 8 Pa. The 
chamber contained STM and reverse-view LEED for surface analysis, an ion gun for 
sputter-cleaning and heating facilities for annealing of the sample by electron bom-
bardment on the back side. The STM is basically the same as described before12, 
the main difference being a larger, more powerful louse capable of transporting a 
bigger, detachable sample holder. The microscope was situated on a large stainless-
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steei disc which was suspended on three soft springs with viton links. The alumina 
sample holder could be transferred from the louse by a central wobble stick to the 
outer rim of the disc where several stations were positioned in front of the addition-
al facilities. 
The sample was a Ni single crystal of 99.999 % purity, 6 mm in diameter and 2 
mm thick, and was cut at an inclination of 10° from the (111) face in the [1101 direc-
tion in order to produce a stepped surface with orientation (7 9 11), i.e. 
[5(lll)x(lT0)]13·14. The sample was cleaned by sputtering with 500-eV Ar ions for 
30 minutes followed by annealing of the crystal at approximately 800°C for 30 
minutes. This sequence was repeated twice. This cleaning recipe is known to leave 
the surface free of contaminants15. The surface was then checked by LEED, show-
ing a bright and distinct diffraction pattern with splitting of the spots, indicating the 
presence of a stepped structure. 
The STM images were recorded in the normal, current-stabilized feed-back 
mode at a certain dc voltage. The maximum area which was scanned was 
60 x 60 Â2 with a recording time of about 1 s per line scan. The tungsten tip was 
sharpened according to the procedure described previously16. Additionally, the tip 
was put at -5 V for several minutes, with a tunnel current of several nA. This ap-
preciably decreased the noise in the tunnel signal and increased the resolution to 
2Â. 
Tunneling spectra were measured by superposition of a small ac voltage on top 
of a dc voltage, swept at constant tunnel current. The frequency of the modulation 
(1000 Hz) was above the cut-off frequency of the feedback loop. The resulting 
current modulation is phase-sensitively detected by a lock-in amplifier, whose output 
signal is proportional to d//dV\ Thermal broadening, of the order of к
в
 Γ, deter­
mines the intrinsic line width and thereby the resolution of the spectra. Therefore 
the modulation amplitude was chosen at 50 mV peak to peak, comparable to the 
thermal broadening at room temperature. Spectroscopic images of the surface with 
atomic resolution were measured by recording dl/dV for a fixed voltage while scan­
ning the tip across the surface. 
III. Results and discussion 
Fig. 1 shows an STM recording of a stepped structure on the (111) plane of Ni, 
measured at -30 mV with respect to the tip with a tunnel current of 0.3 nA. Prior 
to these recordings the sample was exposed to the residual content of the UHV 
chamber at room temperature for 36 hours, equivalent to 26 L H 2 and 6 L CO. 
Several images of this area were taken within a period of 30 minutes. From the suc­
cessive images the lateral drift could be deduced, being 2 Â/min. in both X and Y 
direction. The results presented in this paper represent the originally measured sig-
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X(Â) 
Fig. 1. STM recording of a stepped Ni(lll) surface covered with a monolayer 
hydrogen. The 3-D image and the gray-scale plot represent the same area. The 
gray scales extend over 20 A. 
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nais; no additional filtering or corrections have been applied. 
Several interesting details can be seen. On the flat part of the surface a regular 
modulation pattern with a depth amplitude of 1 Â and a dimension of twice the Ni 
cell is visible. Ni(ll l) itself is not known to reconstruct and the metallic corrugation 
would be ~ 0.1 Â 5. As is to be expected from the H exposure, which is equivalent 
to the adsorption of 0.5 monolayer17, the structure can be associated with a 
p(2x2)2H overlayer, as was also observed in LEED experiments for Τ < 270 К by 
Christmann et al.3. From their analysis they concluded that even below the ordering 
temperature a large amount of disorder was present, with the LEED signal arising 
from ordered islands larger than the coherence length (100 Â). At room tempera-
ture, where the hydrogen is not desorbed15, they didn't observe any ordering. This 
agrees with our observations, which don't show ordering over areas with length 
scales as large as the coherence length. The structure is best seen when Fig. lb is 
compared with a model of the hydrogen monolayer superstructure on Ni(l l l) (Fig. 
Fig. 2. Hard-sphere mode] of part of the surface, as shown in Fig. 1. The 
(2x2)2H graphitic superstructure is represented by the black dots. The hydro-
gen atoms occupy inequivalent hollow sites: above a Ni atom of the second 
layer or above a hollow site of the second layer. 
2). It is a graphitic arrangement of hydrogen atoms in the threefold hollow sites of 
the close-packed nickel substrate3. In contrast to all other (2x2) adsórbate struc-
tures, hydrogen on Ni(l l l) is unique, because^ it occupies two inequivalent sites 
(bABC and cABC), thus having two atoms per unit cell, whereas other adsórbales 
occupy only one of these sites2. The other possibility to explain the observed struc-
ture, namely (2x2)CO with CO at the dark spots in Fig. lb, can be ruled out. Ord-
ering only occurs at high partial CO pressure and with a different geometry18. 
From the distances between the valleys (dark spots) (= 2aj) in Fig. lb the in-
teratomic distance of the Ni atoms in the (111) plane (= ÖJ) is measured to be 2.3 
Â. This is in reasonable agreement with a^ = 1/2 2я 0 = 2.49 Â (with 
во = 3.56 Â), when the uncertainty of 10% in the calibration of the piezoelectric 
transducers is considered. Although the H atoms occupy inequivalent sites with 
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respect to the second Ni layer, no differences can be seen within the vertical resolu-
tion (~ 0.1 Â) in the gray-scale plots. The same conclusion was drawn from exten-
sive LEED experiments3. In that study the H-Ni overlayer-substrate spacing is 
found to be 1.15 Â. This would lead to a corrugation amplitude of 0.5 Â, when a 
hard-sphere model is considered with a H radius of 0.6 Â and when the surface 
charge density is assumed to follow the atomic positions. When explaining the ob-
served corrugation, the electronic contributions of the adsórbate have to be taken 
0 20 
X(Â) 
Fig. 3. Spectroscopic (a) and corresponding direct (b) image of part of the sur-
face in Fig. 1, plotted in gray scales. The hexagons show the chemisorbed hy-
drogen in (b) and the corresponding conductivity increase in (a). The same ef-
fect can be seen at the marked steps. 
into account. Several arguments can play a role. Charge transfer from the adsór-
bate to the substrate, which would alter the barrier height and hence the tunneling 
probability, is negligible19. Therefore the change in DOS near the measuring vol-
tage (i.e. near £p) is crucial for explaining the behaviour of the tip, scanning at 
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equi-electron-dcnsity lines. Calculations20 show that the adsorbed hydrogen 
enhances the DOS at the surface. This agrees with the observed protrusions associ­
ated with the H-adsorption sites. A second confirmation comes from our local spec­
troscopy measurements of the same area (Fig 3a) The denoted cell corresponds to 
that in Fig. 3b, where the Ζ corrugation is plotted in gray scales. The hexagonal 
protrusion in the former indicates an increase in conductivity of ~ 4 χ I O - 1 0 A/V. 
Towards the upper corner in Fig. la the corrugation amplitude increases to 2 Â 
The pattern then suddenly disappears at the sharp edge (only partly visible in Fig 
1), that might be correlated with a step or a grain boundary This enhancement in 
corrugation amplitude was also observed on graphite21 A possible explanation is the 
influence of the neighbouring irregularity on the charge distribution. The presence 
of irregularities, such as steps or kinks, can cause a considerable charge transfer22 
and a change in occupation of the Ni d-orbitals23 Because these effects will influ-
ence the tunnel probability, a change in corrugation may be the result. 
A similar effect is also observed on another part of the surface Going to the left 
on Fig. la and lb the symmetry is also broken The (111) plane changes into a 
stepped surface with six monoatomic steps on the lower part of the picture The step 
height is 2 7 Â, somewhat smaller than expected (3 06 A). When also the width of 
the terraces is considered, the structure is best described by the model in Fig 2 
However, the terraces are not constant in width throughout the whole area as can 
be seen in Fig. lb. In the upper part the sawtooth pattern of the step edge is inter-
rupted by a two times smaller pattern, indicating that an adatom is missing. 
A closer look at the steps shows that the edges protrude with respect to the 
notches on one and the same terrace. This becomes evident when a single scan line 
Fig. 4. Single scan across the steps The enhanced corrugation is discussed in 
the text 
is plotted, as in Fig. 4. All the scan lines, both in X and in Y direction, show hills 
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and valleys at the edge of a step, which are not caused by overshoot of the feedback 
loop. The height difference ranges from 1 to 3 Á while the apparent lateral resolu-
tion on these sites increases to approximately 1 Â. 
As mentioned before steps may influence their environment. This has also been 
found by other experiments. The induced dipoles at the step sites cause a lowering 
of the average work function up to 1 eV for vicinal surfaces with high step density4. 
The local work function at the step will therefore show an even stronger decrease in 
excess of 1 eV. The consequences of the lower barrier for the behaviour of the tip 
can be estimated from a simplified description of the tunnel current as a function of 
work function and barrier thickness: 
Ι α e
 _ A
 ^Ф* 
with A = 1.025 eV_ ' /2Â_1. Measuring in the current-stabilized feedback mode 
means that the expression has to remain constant. When we take s = 5 Â and 
φ = 5 eV then one finds that, with Δφ = - 1 eV, As ~ 1 Â away from the surface, 
in accordance with detailed calculations24"26. Changes up to 3 Â, as we see them, 
can however not be explained satisfactory. The change in DOS at these steps will 
also play a role in explaining the observed phenomena. As calculated by Tersoff 
and Falicov27, the edge atoms with the lowest coordination number show an in-
creased state density near £ F . The most convincing analysis is given by Doyen and 
Drakova28 who calculate the contours of constant tunnel current for a stepped 
Ni(100) surface. Due to the enhanced Friedel oscillations arising from the step 
discontinuity, they predict a depletion of charge at the notch next to the next edge, 
followed by a small hill on top of the edge. This undulated step pattern is qualita-
tively in good agreement with our observations. Quantitatively there is considerable 
mismatch, as they find an amplitude of 0.5 Â. We don't know however, what the 
influence of a different surface orientation (i.e. (HI)) will be. 
A third possibility that might contribute to the observed edge oscillations is the 
presence of hydrogen, chemisorbed on the steps. Firstly, an adatom could cause a 
narrowing of the tunnel current vortex, which would explain the enhancement of the 
lateral resolution8,29. Secondly, the adatom could supply additional surface states30, 
which would then show up as protrusions in the STM plot. That the DOS near £p 
is indeed strongly enhanced at the edges of the steps can be concluded from the 
spectroscopic image in Fig. 3a. The bright spots correspond to the marked step 
edges in Fig. 3b. The increase in conductivity at these sites is 6x lO - 1 0 A/V. 
Although this is larger than at the hydrogen adsorption sites on the (111) plane, no 
decisive explanation of the undulation in terms of one (or a combination) of the 
three possibilities can be given. 
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On the same sample, both before and after the STM measurements, several tun-
neling spectra were recorded with fixed tip position. At positive tip voltages, when 
the electrons are tunneling from the Ni to the tip, a mixture of unoccupied W states 
and occupied Ni states is probed. At negative voltages it is the other way around. 
In the former case a broad conductivity enhancement was always detected 
% 
0 1 2 
|v| 
Fig. S. Spectra from the Ni - W (tip) tunnel junction, measured with fixed tip 
position and in constant-current feedback mode. The upper ones are recorded 
with the tip at positive voltage with respect to the sample (a), the lower ones 
with negative tip voltage (b). 
around 1.1 eV (Fig. 5a), with sometimes an additional large contribution between 
1.8 and 2.2 eV. This is to be compared to DOS calculations on tungsten31 which 
yield maxima at 1.2 and 2.0 eV above £ F and photo emission measurements on H 
adsorbed on Ni(l l l ) , that show a coverage dependent intrinsic surface state at 1.0 
eV below £ F 17. Which of these contributions will affect the tunnel spectra most is 
hard to say, although it is believed that the empty states of the positive electrode 
will mix more strongly in the conductance, due to the asymmetric shape of the vacu-
\ 2x10-9 % 
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um barrier32 
In the case where the tip is at negative voltage we have observed a wide variety 
of broad and sharp peaks between 0 and 1 eV During the recordings they gradual-
ly appeared and disappeared due to the lateral drift of the tip The same was ob-
served by Salvan et al for Au on Si (Hl) 6 In Fig 5b a spectrum is given where 
two prominent peaks are present around 250 meV Despite the loss of sensitivity at 
low voltages due to the divergence of the conductance, the features are quite evi-
dent, indicating an increase > 50 % in conductivity By fixing the voltage at a cer-
tain peak level the large and sharp electronic structures could be traced on the sur-
face The lateral spread of these peaks was of the order of atomic dimensions This 
very local character combined with the small width in energy of those peaks suggests 
that one is dealing with vibrational excitations of atomic or molecular adsórbales 
The large contribution to the elastic part of the conductivity is however in contradic-
tion with theory33 34 although the effects could be underestimated8 In this case we 
are tempted to relate the observed structure to a contribution of the C-O stretching 
vibration The reason is that the same double-peak structure at the same energy is 
found in EELS14, Raman35 and IETS36 experiments on CO chemisorbed on Ni 
Although these are mere suggestions which lack a solid proof, we believe there is a 
promising future in the study of bonding and the characterization of single adsór-
bales by electron or photon excitation10 in scanning tunneling spectroscopy 
IV. Summary 
The structural and electronic aspects of hydrogen adsorbed on Ni(l l l) have 
been measured by scanning tunneling microscopy and scanning tunneling spectros-
copy The hydrogen forms a p(2x2)2H superstructure in accordance with LEED 
studies The adsorption sites show an increase in state density, measured at 30 meV 
above EF Steps in the Ni(l l l) plane show a strongly enhanced corrugation with 
hills at the edges and valleys at the notches Scans across the steps give a sharp rise 
in the conductance at the step edges, indicative of an increase in the DOS, which is 
m agreement with theory Finally, tunneling spectra were obtained for both electric 
field directions A suggestion has been put forward to relate the sharp peaks, as ob-
served with Vtlp > VNl, to vibrational excitation of CO chemisorbed on the Ni sur-
face 
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Summary 
In the first part of this thesis entitled "Scanning Tunneling Microscopy Princi-
ple, Construction and Applications" the principle and the possible applications of 
scanning tunneling microscopy (STM) are discussed The principle is based on the 
quantum mechanical tunneling of electrons through a potential barrier This process 
depends on the specific shape of the barrier (width, height), on the density of states 
of the two conductors and on the possible presence of adsórbales By using a sharp 
needle for one of the conductors and vacuum as the insulator, the tunnel current can 
be measured locally as a function of the mentioned parameters In order to create a 
detectable tunnel current, the needle has to be brought close enough (± 10 Â ( = 
10 - 9 m)) to the surface of the opposite electrode This is done by activating an 
electromechanical transducer (piezoelectric crystal) to which the needle is attached 
Via a feedback system the tunnel current can be kept constant To first approxima-
tion this means that the needle is held at constant distance from the surface While 
scanning the needle along the surface, the feedback signal yields a profile of the sur-
face on a subatomic scale (~ 0 1 A) The lateral resolution is determined by the ra-
dius of the needle and varies between 10 and 2 Â 
Besides structural information also local variations in the barrier height can be 
measured by modulating the barrier width Modulation of the applied voltage gives 
local information on the density of states of the conduction electrons 
The second part deals with design criteria and construction of the microscope 
The vertical resolution is mainly determined by a proper reduction of vibrations A 
high mechanical stiffness is achieved by using a light and rigid construction A vacu-
um environment and a heavy mass suspended on soft springs are used for the acous-
tic and mechanical decoupling of the system from its surroundings A second, im-
portant condition is thermal stability, which is necessary to avoid drift of the needle 
with respect to the sample This is achieved by the usage of a geometry in which 
differences in the expansion coefficients of the materials are canceled by compensa-
tion and symmerty All this results in a STM with a high resolution and a good 
thermal stability 
In the last part the results, obtained by STM on different systems, are discussed 
A summary is given below 
The atomic roughness of the (001) and (Oil) surfaces of etched silver single cry-
stals is determined and compared to measurements of the reflection of conduction 
electrons by transverse electron focusing In accordance with the latter method the 
(001) plane appears to exist of large, atomically flat areas, separated by steep steps, 
while the (011) plane has much rougher looks Further comparison in the (001) case 
shows a reasonable quantitative agreement between the two methods 
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After pressing the hard tungsten needle gently into the silver surface several 
hundred Â, a subsequent STM map of the damaged area shows an indentation in 
the surface. The typical pyramid-like shape of the indentation can be related to the 
morphology of the needle. 
An important requirement which the sample has to fulfill is that it has to have 
sufficient electrical conductivity to carry off the electrons. Otherwise a build-up of 
charge will occur. By optical excitation of extra carriers in semiconducting material 
with low intrinsic carrier concentration it is possible to do STM measurements. This 
has been demonstrated with semi-insulating GaAs, in which charging normally oc-
curs and electron tunneling at low voltages is impossible. By using laser light of suf-
ficient energy and intensity topographic measurements have become possible. 
The last item is a study of the local structure and the density of states of stepped 
Ni(ll l) . The topographic images show a regular hexagonal surface structure with a 
corrugation amplitude of 1 Â and a unit cell which is twice the Ni unit cell (5 Â). 
This pattern can be related to a p(2x2)2H hydrogen adsorption layer. At the edges 
of the steps the STM signals show a pronounced structure, for which several expla-
nations are given. Measurements of the local density of states on these sites show a 
strong increase. Measurements of the tunnel conductance versus applied voltage 
(density-of-states spectra) show a strongly varying structure especially between 0 and 
1 V. The presence of these local energy states might be attributed to excited vibra-
tions of the chemical bonds of adsorbed CO molecules. 
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Samenvatting 
Het eerste deel van dit proefschrift getiteld "Raster Tunnel Microscopie: Prin-
cipe, Constructie en Toepassingen" beschrijft het principe en de gebruiksmo-
gelijkheden van scanning tunneling microscopie (STM). Het principe is gebaseerd 
op het quantummechanisch tunnelen van geleidingsclektronen door een 
potentiaalbarriëre. Dit proces is afhankelijk van de specifieke vorm van de barrière 
(dikte, hoogte), van de toestanddichthcid van beide geleiders en van eventueel 
aanwezige adsorbaat-toestanden. Door een van de geleiders uit te voeren als een 
scherpe naald en vacuüm als isolator te gebruiken, kan lokaal de tunnelstroom 
gemeten worden als functie van de genoemde parameters. Om een meetbare tun-
nelstroom te krijgen, dient de naald dicht genoeg (± 10 Â (= 10 - 9 m)) bij het op-
pervlak van de tegeneleklrode gebracht te worden. Dit wordt gedaan door het ac-
tiveren van een elektro-mechanische omvormer (piëzo-elcktrisch kristal) waarop de 
naald is aangebracht. Via een terugkoppelsysteem kan de tunnelstroom constant 
gehouden worden, wat in eerste benadering betekent dat de naald op constante af-
stand van het oppervlak blijft. Door de naald te scannen over het oppervlak wordt 
via het terugkoppelsignaal een hoogteprofiel van het oppervlak verkregen met sub-
atomaire resolutie (~ 0.1 Â). De laterale resolutie wordt bepaald door de kromte-
straalvan de naald en varieert tussen 10 en 2 Ä. 
Naast structurele informatie kunnen, door het moduleren van de barricredikte, 
lokale uittreepotentiaalvariaties gemeten worden, terwijl spanningsmodulatie een 
lokaal beeld geeft van de toestanddichtheid van de geleidingselektronen. 
Het tweede deel geeft een beschrijving van de ontwerpcriteria en de constructie 
van de microscoop. De verticale resolutie wordt voornamelijk bepaald door een 
goede trillingsreductie. Door een lichte en solide bouw wordt een hoge mechanische 
stijfheid bereikt. Door het gebruik van een vacuum-geisoleerde omgeving en een 
massa - veer systeem met lage eigenfrekwentie wordt het systeem akoestisch en 
mechanisch afgeschermd van de buitenwereld. Een tweede belangrijke voorwaarde 
is thermische stabiliteit, noodzakelijk ter voorkoming van drift van de naald t.o.v. 
het preparaat. Dit wordt verkregen door een geometrie toe te passen, waarbij ver-
schillen in uitzettingscoëfficiënten van de gebruikte materialen teniet gedaan worden 
door compensatie en symmetrie. Het resultaat is een STM met hoog oplossend ver-
mogen en goede thermische stabiliteit. 
In het laatste deel worden meetresultaten besproken, die met de beschreven 
STM gedaan zijn aan verschillende systemen, zoals hieronder samengevat. 
De atomaire ruwheid van de (001) en (011) vlakken van geëtst eenkristallijn 
zilver is systematisch bepaald en vergeleken met reflektiemetingen van geleidings-
elektronen via de methode van transversale elektronen focusering. In overeenstem-
ming met laatstgenoemde methode blijkt het (001) vlak te bestaan uit grote, atomair 
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vlakke gebieden, gescheiden door steile stappen, terwijl het (011) vlak een veel 
ruwer voorkomen heeft. Uit een nadere vergelijking in geval van (001) blijkt ook 
een redelijke kwantitatieve overeenstemming tussen beide methoden. 
Door de harde wolfraam naald voorzichtig enkele honderden Â in het zilver te 
drukken blijkt, na het in kaart brengen van het beschadigde gebied met STM, dat 
een put is gevormd in het oppervlak. De typische piramidevorm van de put kan 
gerelateerd worden aan de morfologie van de naald. 
Een belangrijke eis die gesteld moet worden aan het preparaat is, dat het vol-
doende elektrisch geleidend moet zijn om de elektronen weg te voeren, zodat geen 
ladingsopbouw plaatsvindt. Bij halfgeleidend materiaal met lage ladingsdragerscon-
centratie kunnen d.m.v. optische exitatie extra ladingsdragers gecreëerd worden, zo-
dat STM metingen mogelijk worden. Dit is aangetoond aan semi-isolerend GaAs, 
waarin onder normale omstandigheden oplading plaatsvindt, zodat het tunnelen van 
elektronen bij lage spanningen onmogelijk wordt. Door nu gebruik te maken van 
laserlicht van voldoende energie en intensiteit zijn topografische metingen mogelijk 
gebleken. 
Als laatste is gekeken naar de lokale structuur en de toestanddichtheid van ge-
staptNi(lll). De topografische beelden laten een regelmatige hexagonale oppervlak-
testructuur zien met een hoogte-amplitude van 1 Â en een eenheidscel tweemaal die 
van nikkel (5 Â). Dit patroon is terug te voeren tot een p(2x2)2H waterstof adsorp-
tielaag. Verder vertonen de STM signalen aan de stapranden een geprononceerde 
structuur, waarvoor verschillende verklaringen aangedragen worden. Metingen van 
de lokale toestanddichtheid vertonen op deze plaatsen een sterke toename. 
Metingen van de tunnelgeleiding als funktie van de aangelegde spanning (toestand -
dichtheidspectra)vertonen een sterk variërende structuur, voornamelijk tussen 0 en 1 
V. De aanwezigheid van deze lokale energietoestanden is mogelijk toe te schrijven 
aan geëxiteerde vibraties van de chemische bindingen van geadsorbeerde CO 
moleculen. 
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